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Abstract

In this dissertation the dynamics of the body and the system of bodies with
time variable mass and time variable moment of inertia are treated. Namely,
there are a lot of machines, mechanisms and system in practical use which parts
are mass variable or have the variable moments of inertia. Let us mention some
of them: centrifuges, sieves for sorting particles, transportation mechanisms,
lifting mechanisms, cranes, automatic weight measuring instruments, and rotors
used in the textile, cable, paper industry, etc. The aim of modern industry is to
increase productivity and to fully automate, resulting in various new challenges
in the dynamics of systems and machines with nonlinearities and mass and also
moment of inertia variation. The both types of mass and moment of inertia
variation are considered: the discontinual and the continual. The basic lows
in dynamics are extended to the case when the mass is varying in time. The
principle of momentum and of angular momentum are applied to obtain the
velocity and angular velocity of the body after discontinual mass variation. The
same results are applied analytically by introducing the procedures of analytical
mechanics. The dynamics of mass addition is treated as the plastic impact, and
of the separation as the inverse process to plastic impact. For the case of the
continual variation of the mass and of the moment of inertia in time, beside the
reactive force, the reactive torque is introduced. The case of the free motion
of the mass variable body is investigated. The Lagrange’s equations of motion
are derived. As the special motion of the mass variable body, the vibration is
considered. The main attention is given to approximate solving of the strong
non-linear differential equations of motion. The influence of the reactive force
on the vibration properties of the body is analyzed. This dissertation based
on the dynamics of the particle with time variable mass and the basic laws of
dynamics, in this dissertation the theoretical consideration of the dynamics of
the body and system of bodies with time variable mass and moment of inertia
are given. The dissertation is divided into following Chapters:

After the Introduction, various mechanisms and machines with variable mass
and moment of inertia are shown. The construction and also the working prop-
erties of the machines and mechanisms are described.

In Chapter 2, the linear momentum and the angular momentum of the body
with variable mass and moment of inertia are considered. The linear and angular
momentum of the body before and after mass modification due to adding or
separating of the mass are determined. These values are the fundamental ones
for dynamic analysis of the bodies with discontinual or continual time variable
properties.

In Chapter 3, the obtained linear and angular momentum relations are ap-
plied for calculation of the velocity and angular velocity of the body when the
body separation or augmentation is discontinual. The principles of momentum
and angular momentum are used as the basic ones. The special case of the
in-plane separation is considered. Depending on the type of motion of the sep-
arated body, the kinematic properties of the remainder body are discussed. An
example the dynamics of a crumbled rotor is discussed according to the fact of
separation of a body from the initial one.

In the Chapter 4, the dynamics of the discontinual mass variation is treated
by analytically, by using the principles of analytical mechanics. An analytical
procedure for the velocity and angular velocity determination of a body in the
process of mass variation is developed. The main attention is given to the
case when no external forces and torques act. The process of body addition is
treated as the plastic impact and the separation as an inverse process of the
plastic impact of bodies. An example of separation of a rotating pendulum into
two bodies is treated.

In the Chapter 5, we express the free motion of the body with continual time
variation of the mass and moment of inertia. Due to mass and also moment of
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inertia variation, beside the reactive force, the reactive torque acts. In this
section the main attention is directed toward investigation of the influence of
these two physical actions. As a special type of motion the in-plane motion
of the body is considered. The obtained theory is applied for analyzing of the
plane motion of the rotor on which the band is winding up.

In the Chapter 6, the Lagrange’s equations of the motion for the body with
continual variation of mass and moment of inertia is derived. The generalized
forces due to the reactive force and the reactive torque are defined. The obtained
Lagrange’s equations represent the analytical description of the free motion of
the body with variable mass.

The Chapter 7, the vibrations as a special type of the motion of the body
with variable mass. Based on the general equations of motion given in the
Chapter 6, the mathematical model for the oscillatory motion is formed. The
main attention is directed to approximate solution procedures for solving the
strong nonlinear differential equations with slow-time variable parameters de-
scribing the vibrations of various kinds of oscillators. Various types of oscillators
are treated: one-degree-of-freedom oscillators, two-degree-of-freedom one-mass
oscillators (rotors) and also the oscillators which contain two masses and have
two-degrees-of-freedom. Specially the influence of the reactive force and of the
reactive torque on the vibration properties of the system with variable mass and
moment of inertia are investigated.

In the dissertation the conclusions and remarks for the future Investigations
are given in Chapter 8.

The dissertation ends with the Reference list.
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1 Introduction

The problem of the motion of mass variable systems is evident since the 17th century.
Galileo discovered the anomaly in the Moon motion which he believed is the function
of the system mass variation. Lately, Laplace theoretically explained the phenomena
of the secular acceleration of the Moon. Dufour, 1886, explained that the mass of the
earth varies continuously due to the falling shooting-stars and also due to combustion
or spending in the atmosphere. He found that the dust of shooting-stars which fall on
the surface of France in one year can cover a volume of 0.1 m3. Oppalzer, 1884, was
the first to analyze the reason for secular acceleration of the Moon as the result of
FEarth and Moon mass increase. Namely, during a hundred year a 2.8 mm dust layer is
formed on the Earth. Gylden, 1884, extended the previous investigations in celestial
mechanics by analyzing of the relative motion of two variable mass systems under
influence of the Newton force. Meshchersky, 1893, continued the investigation and
found that the body with variable mass would move along a spiral, tending toward
zero, or it would increase the distance to the other mass variable system.

Cayley in his works (Cayley, 1857; 1858) was the first to consider the influence of
the continual mass variation on the motion of the body. The class of the dynamic
problem he studied was the ’continuous reactive problem’, i.e., the problem when
continuously the infinitesimal small mass is added to a system which causes the ve-
locity of the system continuously to be changed for a definite value. The two most
widely discussed examples were (see Cayley, 1859): one, the chain is on the table
and is dropping vertically down from the table, and the second, the chain is moving
straightforward on a horizontal plane without friction under the influence of a mass
M which is fixed at the end of a chain which is rolling around a drum and changing
the length during motion.

At the end of the nineteenth century and at the beginning of the twentieth Meshch-
ersky, 1897, laid the foundations of the modern dynamics of a particle with variable
mass. After that publication numerous investigations have been done and the dyna-
mics of variable mass systems is developed. In the ’variable mass systems’ particles
are expelled and /or captured during motion.

Two kinds of systems are identified:

- ’continuously’ particle-ejecting systems, where the mass variation is a continual
function of the time, position (see Grudtsyn, 1972) or velocity of the particle, and

- ’discretely’ particle-ejecting systems, where the mass variation is a discontinual
function (for example, automatic weapons that fire rounds, one at a time).

For the case of discontinual mass variation Meshchersky, 1952, calculated velocity
of the particle after mass variation. The finite discontinual mass variation in a very
short time was not of special interest for a long time and was not intensively discussed.
Meshchersky was the first to consider the velocity change of a translatory moving body
during step-like mass variation. Mass which is separated or added has a finite amount
and the mass variation of the body is discontinual. The theory is mostly applied for
solving of the Keplerian twobody problem (see Luk’yanov, 2005), and also the three
and four-body problems (Cveticanin, 2007).

The motion of the continuously mass variable systems is much more investigated
due to its application in rocket theory (Meirovitch, 1970; Cormelisse et al, 1979;
Tran & Eke), astronomy (Kayuk & Denisenko, 2004), for charged particle motion
in a magnetic field with decreasing mass and charge (Howard, 2007), in robotics
(McPhee & Djerassi, 1991; Djerassi, 1998) in machinery (Cveticanin, 1984; 1988; 1989;
1991; 19931; 19935; 1995; 1998;; 2001) etc. The motion is described with differential
equations with variable parameters (Kayuk & Tivalov, 1987; Wang & Eke, 1995; Eke
& Mao, 2002; Pesce, 2003). The effect of expulsion and /or capture of particles on
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the motion of the continuously mass variable system is evident as changes in the
integration variables of the governing dynamic equations. In spite of that the variable
mass systems may be conservative (Leubner & Krumm, 1990; Cveticanin, 1994) and
with non-holonomic properties (Ge & Cheng, 1982; Ge, 1984). For the case when the
mass is continually varying in time, the influence of the reactive force on the motion
(see Apykhtin & Jakovlev, 1980; Azizov, 1986; Cveticanin, 1992; 19933; 2004) and also
on the stability (Ignat’yev, 1991; Cveticanin, 19961; 19962) were investigated. The
reactive force is mathematically the product of the mass variation function and the
relative velocity of mass separated or added to the particle. Usually, two special cases
were considered: first, the relative velocity is zero and second, the absolute velocity
of separated or added mass is zero. If the relative velocity is zero, i.e., the absolute
velocity of the separated or added particle is equal to the velocity of the basic particle,
then the reactive force is also zero. Levi-Civita, 1928, investigated the motion of the
particle for the case when the absolute velocity of the separated or added mass is zero
and the reactive force exists. The most comprehensive consideration of the dynamics
of the body with variable mass is given in the books of Bessonov, 1967, Conelisse et
al., 1979, and Cveticanin, 1998,.

In this chapter various types of machines and mechanisms with mass variable ele-
ments are described. The expression "variable mass element" or "body with variable
mass" as used in the context of this dissertation, refers to mechanical systems that lose
and/or gain mass while in motion. Examples of such devices abound in contemporary
engineering literature. They include complex systems such as aircraft, rockets, auto-
mobiles, moving robots picking up or lifting objects, as well as simpler systems such
as transportation machines, mining machines, excavators, vibrating machines used as
conveyors, separators, machines for segregation, rolling mills, metallurgical machines,
casting machines, agricultural machines, centrifuges, measuring mechanisms, etc. In
these mechanisms, the mass of elements and the position of their centre of mass and
moment of inertia vary during addition or removal of the material. In this chapter
various types of machines and mechanisms with mass variable elements are described.
Their constructive properties and the working procedure are explained.

A pouring machine, shown in Fig.1, represents a mechanism with variable mass.
The hook of the crane grips the vessel at point B, and rotates it around A, pouring
out the molten metal for continuous casting. The basic requirement for the equipment
is that pouring of metal from the vessel has to be uniform, and it is regulated by the
velocity of the hook.

Fig.1. Mechanism for tipping a vessel
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To estimate the process of lifting of the vessel and to give good control it is
necessary to take into consideration the mass variation of the vessel, because it is the
basic cause of uniform flow of metal. The position of the centre of mass of the vessel
and metal varies. As a simplification this system can be considered as a rotating bar
AB with variable mass and variable position of the centre of mass inside the element.
Let us consider some other mechanisms. The pouring of concrete from the vessel
in Fig.2 is achieved by a mechanism which contains an electric motor 1, which by a
system of gears 4 and 6 and screws 2 and 3 transmits the motion to 4. As 4 is fixed to
vessel 5 its motion about 6 turns the vessel. To analyze the elements and the process
of vessel turning, the variable mass of the vessel has to be taken into account. Only in
this way can the correct position of the turning axle and the torque for vessel rotating
be obtained.

Fig.2.Mechanism for rotating a vessel

Fig.3. Mechanism for converter turning

Converters are used for steel production. For melting the steel, the converter-
vessel system is usually lifted and turned during the introduction some additives and
pouring out the finished steel. An electric motor 1 with a system of gear-wheels 2,
3 and 4 rotates the converter 5 (Fig.3). Exact dynamic analysis taking into account
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the variation of the mass of metal in the converter is necessary for automatic control
of the process.A system of a rotor type of wagon turner is shown in Fig.4. The wagon
with material 1 is in the rotor 2. The rotor rotates on cylinders 3 and is driven with
a mechanism 4 and rope 5. The wagon is supported by positioners 6 and 7. By
turning the wagon by an angle smaller than 180 degrees discharging is completed.
The efficiency of this mechanism is very high.

Fig.4. Mechanism for wagon turning

The mechanism for discharging wagon which is widely used in the metallurgical
industry for minerals is of the rotating type (Fig.5). The wagon 1 is on the carrier 2,
and is supported on the wall 3 and elements 4. The rope 5 is turning on the wheel and
tips the carrier, discharging the material from the wagon. Torques are balanced with
a system of counterweights. The mechanism productivity is high as the discharging
is rapid. For dynamic analysis, the mass variation has to be taken into consideration.

Fig.5. Mechanism for discharging a wagon
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Fig.6. Wagon with variable mass

A wagon 2 which moves laterally is shown in Fig.6. It is driven by a motor
1. Another type of laterally moved wagon is shown in Fig.7. Movement in one
direction increases the mass and in the other it is decreased. The mechanism is a bar
mechanism, and the motion may be reversible. In both mechanisms the mass varies.

A rolling mill is shown in Fig.8. Tin rolls down off the drum 1, travels through
the rollers 2 and rolls up on the drum 3. The system is fixed by supporting rollers
4. Cold rolling is caused at a velocity 10 to 15 m/sec and more. During rolling up
this tin and rolling it off the radius and the moment of inertia of the drum varies.
One of the most important requirements is constant velocity of rolling up, and special
automatic regulation and controls have to be introduced. To increase the efficiency
of these machines, the dynamics of motion of this system with variable mass have to
be analyzed.

Fig.7. Transportation mechanism

Fig.8. Rolling machine scheme

10
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Another mechanism with variable moment of inertia is shown in Fig.9.

It is a centrifugal lifting basket regulator of motion. It contains shaft 1, system
of gears, and a system of mercury filled tubes. The velocity of the shaft and of the
tubes regulates the velocity of the basket. If the velocity of tubes is zero, the level of
mercury in all tubes is the same. If the velocity increases, the mercury level attains a
parabolic shape and the level in the middle tube decreases. If it gets to a very small
level, the connection with the motor is broken and the shaft 1 slows down. If the
velocity of basket motion is smaller than permitted, the regulator sets up the motor
and transfers the motion to the shaft 1. As the position of the mercury depends on
velocity, the moment of inertia varies, as a function of angular velocity, J(w). To give
the correct instructions for regulator dynamic behavior it is necessary to know the
change of moment of inertia of the mechanism.

Fig.9. Centrifugal regulator

A simple planar model of an excavator is shown in Fig.10. It consists of five rigid
bodies: body 1 which is in contact with the ground, body 2 mounted on 1, body 3
connected to 2 by means of pivot, body 4 which is an excavator arm connected with 3
by means of a joint, and body 5 which is the excavator scoop and can rotate around
the body 4.

b=
/{//// T TLTTTT

Fig.10. Excavator model

The excavator scoop has a varying mass. The operating movements can be real-
ized by means of the jib 3, arm 4 or the scoop 5 movements. A crane represents a
mechanism for load transportation.

A typical sectional model of a crane (Fig.11) consists of four rigid bodies: body 1
which is in elastic contact with the ground, body 2 mounted on 1, body 3 connected
with 2 by means of joint and a component 4 connected with 3 by a flexible cord.
Component 4 has a time variable mass, because it includes the load. Variation of mass

11
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and its distribution along the elements of a mechanism have a significant influence on
belt type automatic dosing devices.

Fig.11. Sectional model of crane mechanism

The aim of the mechanism is to achieve constant mass flow of material. The
mechanism (Fig.12) contains basket 1, belt conveyor 2 and bar mechanism 3. The
bar is a sensitive element which directs the opening and shutting of the dosing device.
The process of separating material from the conveyor may result in large vibrations
around O. These vibrations are undesirable and they are due to mass variation.

Fig.12. Belt type automatic dosing device

A mechanism for automatic measurement of liquid is shown in Fig.13. It contains
bar 1, which is pivoted at 2 and is under the influence of weight 3, and vessel 4 which
is to be filled with liquid. The quantity of liquid is regulated by a special dosing
device 5 which automatically regulates the liquid in the vessel by stopping the liquid
getting in. It is connected to bar 1.

Fig.13. Mechanism for automatic measurement of liquid

12
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A special group of mechanisms are the rotors with variable mass. Rotors with
variable mass are the fundamental working elements of many machines in process,
cable, textile and paper industry, as well as in transportation, etc. The term "rotor
with variable mass" will refer to all parts which are mounted on the rotating shaft
and whose mass is varying. The shaft which is a fundamental element of the rotor is
designed to support machine parts rotating with it and to transmit bending moments
and torques and also longitudinal forces.

As can be seen, mechanisms with variable mass are widely used in various indus-
trial fields: process, transportation, civil engineering, regulators etc. Most of them
can be reduced to a simple dynamic model with mass variation which is a function of
time (for example, vibration mechanisms, dosing devices, etc). For correct dynamic
analysis of the mechanical system it is necessary to take this property of the system
into consideration.

13
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2 Linear and angular momentums for the mass vari-
able body

In this Chapter the linear and angular momentums for the bodies in the process of
separation or addition of the bodies are determined. These values are necessary to
express the general principles of dynamics of system of bodies with variable mass and
for mathematical modeling of separation or adding of bodies.

Let us consider the discontinual mass variation caused by the body separation or
augmentation. The initial body has the mass M and the moment of inertia Ig with
respect to the mass centre S whose position vector due to the fixed point O is rg (see
Fig.14.).

Fig.14. Position vectors, velocities and angular velocities of the system: a) body
separation, b) body augmentation.

The linear velocity of the mass centre is vg and the angular velocity of the initial
body around the mass centre S is £2. The position vector of the mass centre S to the
fixed point O is rg. The separating or adding body has mass m and the mass centre
So . Moment of inertia of that body is Igo with respectto the mass centre Sy.The
absolute velocity of the mass center Ss is vge while the angular velocity of the body
with respect to point of rotation Sy is €25. The position vector of the mass centre Sy
according to the fixed point O at the moment of adding or separating is rgo. If the
separation of the body occurs, the remainder body has the mass (M —m) and if the
augmentation occurs the mass is (M 4+ m). The moment of inertia of the final body
is Is1 due to the mass centre S; whose position to the fixed point O is given with the
vector rg1. The unknown linear and angular velocity of the body after mass variation
are vgy and €. In the Table 1. the introduced Nomenclature is shown.

The linear momentum of the initial body with mass M and velocity of mass center
Vg is

K= MVS. (1)

If the separated or added mass m has the velocity vgo, its linear momentum is

Kz = mvga. (2)

After process of separation or addition the final mass is M F m, where the minus
sign is for mass separation and plus sign for mass addition.

14
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Table 1. Nomenclature.
Initial ~ Final = Separated/
body body  Added body

Index - 1 2

Mass center S S So
Position of mass center SS; SS,
Position vector of mass center rs rsy rso
Mass M MFm Fm
Absolute velocity of mass center Vg V1 Vg9
Relative velocity of mass center Vil v
Absolute angular velocity Q 0, Q,
Relative angular velocity Q.1 Q,
Moment of inertia tensor Ig Is1 Igo
Linear momentum K K, K,
Angular momentum relating to O Lo Lo Los
Angular momentum relating to mass center Lg Lgs:t Lgo

Remark 1 In general in this Chapter in any relation, the minus sign is for change
of some quantity caused by mass separatiom and the plus sign is for mass addition.

The unknown velocity of the mass centre S; is vg; and the corresponding linear

momentum is
K1 = (M:F m)vs1. (3)

Introducing the assumption that the bodies during the mass separation or addition
belong to an unique system (see Fig.14), we obtain the linear momentums K before
and K, after mass variation:

for mass separation

K, =K = Mvg, K,=K; +Ky=mvgs + (M —m)vgy, (4)
for mass augmentation
Ky =K+ Ky = Mvg+mvga, K, =K; =(M+m)vgi, (5)
The difference between the linear momentums before and after mass variation is
AK = M(vg1 —vg) £ m(vse — vsy). (6)

The angular momentum of the initial body before mass variation with respect to
the fixed point O (Fig.14) is

Lo =rs x Mvg + Lg. (7)
After mass variation the angular of the final body relating to the fixed point O is
Loi =rs1 X (M Fm)vs) + Lgi. (8)
The angular momentum of the separated or added body is
Los =159 X mvgy + Lga. (9)

Dependently on the type of mass variation the angular momentums before Lo, and
after Lo, mass variation are:

15
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for mass separation

Loy = Lo=rgx Mvg+ Lg,

Loa = Loi1+Lo2=rs1 x (M —m)vs; + Lg1 +rsa x mvss + Lgg,

for mass addition

Loy = Lo+Lo2=rsx Mvg+Ls+rsa X mvss + Lga,
Loa = Lo1=rs1 x (M +m)vs; + Lgi.

Based on (10) and (11), the difference between the angular momentums is

ALo =Lg; 2 Lgs — Lg +1rg1 X (M:Fm)VSq +rgo X mvgy —rg X Mvg.

(10)

(12)

The relation (6) and (12) are the basic ones for dynamic analysis of the mass

variation problems.
For the position of the system mass center S

= M:Fmr + —r
- M Sl M 527

rg
and position vectors rg; and rgo (Fig.14)
rs; =rg+ S8y, rsz =rg + S8y,

we obtain
(M F m)881 = ZFmSSQ,

Substituting (14) into (12) we obtain

ALo =Lgy £Lgy — Lg + SS; x (M F m)V51 + SSy X mvgs.

Introducing the relation (6) into (16) it is
ALp =Lgy £ Lgo —Lg +rg x AK FSSy x m(vsy — vsa).
Due to (15) the relation (16) transforms into
ALo =Lg; —Lg 4+ Lg FSS2 X (Vvs1 — Vs2)m,
ie.

ALo =151 —IsQ £152Q2 F SS2 X (Vg1 — Vis2)m,

(19)

where Lg = Ig€ is the known angular momentum of the initial body before mass
variation, Lg; = I51€2; depends on the angular velocity €27 of the final body with
respect to S7 and is proportional to the moment of inertia Is; for S; and Lgs = Ig0829
is the known angular momentum of the separated or added body with the angular

velocity Q9 with respect to S and moment of inertia Igo for Ss.

16
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3 Dynamics of the body with discontinual mass vari-
ation

In this Chapter the dynamics of the discontinual mass variaton of the bodies is consi-
dered. The Chapter has four sections. In the first and the second section the velocity
and the angular velocity of the final body, formed after separation or addition of an
additional body, are determined. In the third section, as the special case of the previ-
ous two, the in-plane motion of the system of bodies during addition and separation
is analyzed. The obtained results are applied for solving of the real problem of se-
paration of a part from the rotor whose disc is assumed to have an in-plane motion.
The Chapter ends with Conclusion.

Dynamics of the discontinual mass variation requires some assumptions during
the process of body separation or addition and are as follows (Cveticanin and Djukic,
2008):

1. The separated and the final body, and also the initial body and the added body,
form a unique system during mass variation (see Fig.14);

2. The separated body leaves the system after the process of separation. The
added body gets into the system before mass augmentation;

3. Separation or adding of the body is done in a very short time interval 7;

4. The considered bodies are rigid during mass separation;

5. Due to the assumption 1) we can regard the two parts of the body as a complex
system, where the reaction forces and torques between these parts are internal within
the system;

6. During the process of mass variation the external forces F; and torques 9,
which act on the system, produce the impulses.

Let F,. be the resultant force of all external activ forces and constraint reactions,
which are acting on the bodies. According to the principle of the momentum, the
variation of the linear momentum (6) for the time interval from 7 = At is equal to
the impulse I of the resultant force F,.

AK =F, At =1". (20)
Substituting (6) into (20) it is
M(vsy —vg) Em(vsa —vs1) = I, (21)

According to the principle of the angular momentum, the variation of the angular
momentum (19) in the time interval At is equal to the impulse I which is the sum
of the impulse of the moment of resultant force for the point O, M{™, and of the
impulse of the resultant torque 9, caused by activ torque and reaction torque, i.e.,

ALp = (M{" + 9 At = 1M, (22)
Substituting (16) into (22) we have
Lsi + Lso — Lg 4+ SS; x (M Fm)vs: £SSs x mvgy = IM, (23a)

Usually, the impulses of the external forces and torques are quite small due to the
short time 7. It is the reason, that the system is usually assumed to be without action
of the external forces and torques. Then, the linear momentum of the system before
and after mass variation remains invariable. The same conclusion is valid also for the
angular momentum.

17
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3.1 Velocity of the body after mass variation

According to (21) the velocity of the body after mass variation is

Vs = ( (Mvs Fmvgs +IF7). (24)

M Fm)
Using the fact that the absolute velocity of the mass center Sy of the separated or
added body is the sum of the dragging velocity of S; and the relative velocity v,
of the point Sy with respect to the point S. The dragging velocity of Sy has two
components: translatory vg and velocity of rotation € x SS, of the point Sy with
respect to point S. The absolute velocity of the point Sy for mass varaiation is

vgo=vg + Q x SSy + v,. (25)

The absolute velocity of the mass center S7 of the final body after mass variation has
the form
vg1 =vs + QXSS+ v,q, (26)

where vg and velocity of rotation €2 x SS; are the translatory and rotational com-
ponents of velocity of mass center S7 and v, is the relative velocity of the point S7.
Substituting (25) and (26) into (24), the following relation is

(M Fm)v,, £mv, = Fm(Q x 8Sy) — Q x (M Fm)SS;) + I, (27)

The relations (27) and (15) give the relative velocity of the mass center S; of the final
body

(M Fm)v,; = " Fmv,, (28)
and the corresponding absolute velocity

™ £ mv,

VSIZVS+QXSSI+W-

(29)

Let us assume the system without external forces. In that case the linear momen-
tum of the system is same before and after mass variation, hence AK = 0. According
to the relation (29), we determine the velocity of mass center Sy of the body after
mass variation as

mv,
vg =vg+ Q2 xSS; F———. 30
WED 30
For the case when the separation of the body occurs, the velocity of the body after
mass transformation is due to (30)

m

V51=VS+QX881—M7m

Vi (31)

3.2 Angular velocity of the body after mass variation
Using the relations (22) and (19), it follows
15102 = M + I F 15909 =SSy x (VSl — Vsz)m. (32)

The relation is suitable for calculation of the angular velocity €27 of the final body
after mass variation.

Using the assumption 1) that two bodies form one unique system and no external
forces and torques act, it is stated that the angular momentums of the body before
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and after mass variation are invariable, i.e., ALo = 0, and due to (32) the angular
velocity €7 is
15191 = Isﬂ + ISQQQ + 882 X (V5'1 — ng)m. (33)

For the case when mass separation occurs, the angular velocity of the final body is
I5191 =I5 — I5202 + S8y X (vs1 — vs2)m, (34)

where vg; satisfies the Eq. (31).
The value of the angular velocity €21 and the velocity of mass center after mass
variation vg; represent the initial values for the motion of the final body.

3.2.1 Remarks

Due to the assumptions and the relations (31) and (34), it can be concluded:

1. During the process of mass variation, which lasts for the infinitesimal time
interval, ¢ € [t1,t1 + 7], the interaction of the separated and final body or initial and
added bodies results in a finite change of the linear and the angular velocity of the
body parts. The linear momentum and the velocity of the final body and also the
angular momentum and the angular velocity of the final body receive finite increments
during the infinitesimal time, that is, these quantities change in a jump-like manner.

2. According to the assumption 3), during the process of mass variation the
position change of the bodies is negligible, i.e., the position vectors of mass centers
and the angle position of bodies are not varying during mass variation.

3. Due to the aforementioned Remarks it is concluded that the body additon
corresponds to the perfect plastic impact where the relative velocity of the adding
body is zero.

4. Accordint to here obtained results it is obvious that the body separation is
the inverse process to the perfectly plastic impact where the relative velocity of the
separated body is zero. As for the plastic impact the restitution coefficient is zero, the
same is evident for the body separation. It means that the motion does not depend
on the geometric and dynamical properties of the separation surface.

5. In this Chapter more attention is given to the mass separation as the dynamics
of mass augmentation can be treated as the plastic impact.

3.3 In-plane separation of the body

Consider the body which moves in-plane before and after body separation. The
absolute velocity of the initial body, remainder (final) and separated body are defined
by (24) and (28), with projections

Vs = Usad + vsyd, V1 = Ug1zl + Us1yj, Vg2 = Ug2zi+vs2yj,  (35)

where i and j are unit vectors in the plane of motion (Fig.15).
For the in-plane motion the angular moments of the initial body, separated body
and remainder body are

Lgsi = Is1$4k, Lgy = Ik, Lss = 52020k, (36)

where k is the unit vector orthogonal to the plane of motion. Substituting (36) into
(34) we obtain the angular velocity of the remainder body as a function of the angular
velocity of the separated body

Is11k = IsQk — 1590k +SSy X (V51 — ng)m, (37)
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where
SSQ = SSzli + SS2yja (38)

In relation (37) the absolute angular velocity of the remainder body is the function
of the absolute angular velocity of the separated body.

Fig.15. Position vectors of the plane body centers S, S; and Sy with respect to a
fixed point O.
Introducing (25) and (26) and also (36) into (32) leads to

IsOQk = Ik +SS; x (M 7m)(VS + Q x SS, JrVrl) (39)
T2k + SSs X m(vs + Q2 XSS + v,).

Using the relation (15), the Stainer formulas for the moment of inertia for the axis in
S parallel to the axis in S; and So

Isi =1+ (SS1)*(M —m),  Isy=1I>+(552)%m, (40)
and the relative angular velocities
Q1 =Q+ Qpq, Qo =Q+Q,, (41)
the relation (39) yields
151921k = — IgoQ.k — SSo X m(v, — vy1). (42)
For the difference of the relative velocities
Ve — V1 = (Upg — V1)1 + (Ury — Up1y)J, (43)
and (42), the relative angular velocity of the remainder body is obtained

Is2
Isi "

The relations (28) and (44) define the relative velocity and angular velocity of the
remainder body during in-plane body separation.

m
er:_[SSZy ('U'rw - 'U'rlx) — 552, (U7'y - U'rly)] -

Tar (44)
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3.3.1 Some special cases

Depending on the velocity and the angular velocity of the separated body, the various
cases of body motion are possible. In the following Tables some special cases of body
separation are shown, together with the corresponding properties of the remainder
body, calculated on the bases of (28) and (42).

Table 2. provides properties of the remainder body for the case when the initial
body is in translation. Subcases for various absolute velocity vgs of mass center and
absolute angular velocity 25 of the separated body are considered.

Table 2. Translation of the whole body
Vs 7é 0 Q=0
No. Separated body Remainder body
1 vs2 # 0, Q #0 Vil = =375 Vi
Is1k =SSy x (vs1 — vs2)m
—I5oQk.
2 vgo #£ 0, Q=0 Vel = *#Vrv
151911{ = 882 X (V51 — ng)m
3 vs2 =0, Qe #0 Vsl = MMmVS,
151911{ = {m 882 X Vg
—Is28dk.
4 vge = 0, Q=0 Vsl = %Vs,
151911{ = AJ/}I_H:,LSSQ X Vg.
) Vs2 75 0, sz = TSSQ XVy Vg =Vg— ﬁvm
Q; =0.
6 ver = MLy, Q2 #0 vs1 =0,
151911{ = _M(882 X VS)
—Igo0k.
7 Vs = %Vs, ng = o3 (VS X SSQ) Vg1 = 0, Ql =0.
8 vs2 = Vs, (v, =0) Q2 #0 V51 = Vg, Is1Q1k
= —Tg520, k.

In Table 3. the velocity and the angular velocity of the remainder body for the
case when the initial body is rotating are shown. Subcases are considered with respect
to various values of the relative velocity v, of mass center and the relative angular

velocity €2, of the separated body.
Table 3.

Vs = 0 Q 7é 0

No. Separated body

1 v, # 0, Q.- #0

2 v, =0, Q. #0

3 v, =0, Q.-=0

4 v, || SS1, Q. #0

5 vgo = 2 XSSy + v,
Q. =-Q, (2 =0)

Rotating of the whole body

21

Remainder body

Vs = Q x SSl J\l mVr7

Qrik = 2L (SS; x v,) — L20,k.
Vs = Q x SSl,

Qik = —4220, k.

Vs = Q x SSl,

Q1=0, O =0

Vs = Q x SSl — ﬁvr,

Qnk = —420, k.

Vs = anszSZ7

ISlQ k= Ist — (SSQ X VSQ)
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Table 3.
6 v == 88y), 0, #£0 vs =0,
Q= %% (SSl)Q + %QT
7 v, £ 0, vs1 = QX S8y — /vy,
Is0Q, k = M(881 X VT) + 1510k Q.1 =0, 0 =Q.
8 VT:%(stsl), vgy =0,
Q, = (b — MM=m) 85,0 Q=0 Q=0
Table 4. Plane motion of the whole body
Vs 75 0 Q 75 0
No. Separated body Remainder body
1 Vy = 882 X Q, (VSQ = Vs), QQ 7é 0 Vyrl = SSl X Q,
(vs1 =vs),
O = 20— 120,
2 Vy = 882 X Q, QQ = (Is/ISQ)Q Vs = Vg, Ql =0.
3 Vy = 882 X Q, QQ =0 Vs = Vg,
Q= (Is/Is1)02.
4 v, =SS5 x Q, Q=0 Vg1 = Vg,
Q1 =Q, Q.1 =0.
5 Vy = 0, Qr =0 Vyel = O, er =0.

Table 4. provides properties of the remainder body for the case when the whole
body has the plane motion.

Analyzing the results in the Tables 2-4 the following is concluded:

1. If the relative velocity and the relative angular velocity of body separation are
zero, the relative velocity and the relative angular velocity of the remainder body are
also zero, independently of the type of motion of the initial body (see Table 2 case
4, Table 2 case 3 and Table 4 case 5). The absolute velocity of mass center of the
remainder body is equal to the dragging velocity of S; before body separation. The
angular velocity of the remainder body is equal to the angular velocity of the initial
body before separation.

2. If the motion of the initial body and of the separated body is translatory
with velocity vg (the relative velocity v, is zero), the velocity of mass center of the
remainder body is also vg. This result was previously obtained by I.V. Meshchersky,
1896, for the continual mass variation of the translatory moving particle. Namely,
due to the fact that the relative velocity of mass separation is zero, the reactive force
is also zero and the equation of motion is the same as for the body without mass
change.

3. If the motion of the initial body is translatory with the velocity vg and the
absolute velocity and the absolute angular velocity of separation of the body are zero,
the absolute velocity of mass center of the remainder body differs from the velocity of
the initial body. The velocity depends on the mass which is separated: for the higher
value of separated mass m i.e., for smaller value of the remainder mass, the velocity
is higher. The solution of the Levi-Civita equation (Levi Civita, 1928)

=— 45
v M ? ( )
shows that if mass decreases the velocity of motion increases. Q is a constant which
depends on the velocity properties of the system.
4. If the motion of the initial body is translatory, the relative angular velocity and
the absolute angular velocity of the remainder body are equal (see Table 2).
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3.3.2 Example: Separation of a part of the rotor

T O

Fig.16. Model of the symmetrical rotor before body separation.

A symmetrically supported rotor, which is modelled as a shaft-disc system, is
considered (see Fig.16). Mass of the disc is M. The mass center S is in the geometric
center of the disc. Mass of the shaft is negligible in comparison to the mass of the
disc. The moment of inertia of the disc is Ig for the axis z in mass center S. The
rigidity of the shaft is ¢. The motion of the disc is in a plane Ozy. The differential
equations which describe the motion of the rotor are

Mi+cx=0, Mij+cy=0, Igth+k)=M, (46)

where k is the damping coefficient and M is the torque.
The steady state solution for the third differential equation (46) is

Q= . (47)

The angular velocity depends on the external moment and damping of the system.

By introducing the complex deflection zg = x + iy where z, y are the coordinates
of the mass center S, i = /—1 is the imaginary unit and w,, = \/c/M is the frequency
of vibration, the differential equation of motion of mass center is

35+ w2 zs = 0. (48)
For the initial conditions
z(0) = x50, y(0) = yso, t5(0) = vsz0, 7(0) = vsyo, (49)

the deflection of mass center yields

zs = (Ag +1Bg) exp(iwyt) + (Co + Do) exp(—iw,,t), (50)
where
1 VSy0 o 1 USz0
Ap = 2(9650 + o ), By = 2(yso ” ),
1 VSy0 B 1 VSz0
Co = 2(9650 T o ), Dy = 2(y50 + o )- (51)

The rotor center oscillates around the initial position of mass center.
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a) b)

Fig.17. Velocity distribution during separation: a) The position of mass center is
such that ZASS; = «, b) SS5 and AS are colinear.

If the rotor struck the fixed part of a stator in A (Fig.17a) at a moment ¢1, a part
of the rotor is separated. The mass of the separated part is m, with mass center Sy
and the moment of inertia Igo related to the axis in Ss. The velocity of Sy of the
separated part is the sum of the dragging velocity vsaq and the relative velocity v,

Vs2 = Vsad + Vi,

where s
. . v
Vgoq = v%b + (vgz)2 + 2vaU§2 sin c, siny = KS; cos a, (52)
with

v = 4 (SS3),
and according to (50)
vs = V/FZ+ 5 = wu/(Co — A2+ (Bo — Do) — 2(Co — Ao)(Bo — Do) sin(2wuts),

« is the angle between SS5 and SA. The dragging velocity

VS2d = V24T + VS2d4N, (53)

has two components: the normal one, in the ASy direction

Vs2dN = V524 €0S( — ), (54)

and the tangential one, orthogonal to the ASs

Vs24T = Vs24sin(f — ), (55)

where 5g ]
_ P2 S«
tan = R (1—cosa)

In the moment of contact between the rotor and the stator, the relative velocity and
relative angular velocity of the separated body are

(56)

v,
Vy = —Vs24T, Q, = Zi;l: (57)
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Using the relations (28), (44) and (57) the relative velocity of the mass center of the
remainder body and the relative angular velocity are calculated

m v m
Vi1 =g Vsar,  Isifik = —Is: ZQ;QTk + 97—, 882 X vsaar.  (58)
The absolute velocity and angular velocity of the remainder rotor are
m
vs1 = vVsp+ € XSSy + i Vs24T,
-m
Isiak = IsQuk — IsoQouk + ——SS20,k
M—m
m
SS . 59
T = D02 X Vszar (59)

For the special case when o = 0 and 8 = 0, i.e., the mass center of the separated body
is in the SA direction (Fig.4b) and also the velocity vgy, the angle v are determined

SS
siny = Qb—2 , (60)
VS2d
where
Vg2d = ”Ug + (552)2932) (61)
The separation of the body is with the relative velocity
v, = X SSo, (62)
and the relative angular velocity
S5
Q, = —=Q,. 63
T ASQ b ( )
The absolute velocity and the angular velocity of the remainder body are
I I R I SS.
VS1 = Vb, Qo = =20 — 20 =1 - = =), (64)

Isq Is; "R—-55 " Isi R— 5SS,

where R is the radius of the rotor. The angular velocity of the remainder body jumps
to a lower value during separation: if the moment of inertia of the separated body is
larger, the decrease of the angular velocity is higher.

For the special case when Ig; = Ig9(5S2/ASs), the angular velocity of the re-
mainder body is zero.

The velocity vg; and angular velocity 2, represent the initial velocity and angular
velocity for motion of the remainder body after separation.

Transient motion of the remainder body after separation The motion of the
remainder body after separation is described with the following differential equations

(M-m)i =X, (M—-m)j=Y, Is1+ k) = M+ cxSS; sinh — cySSy cos v,

(65)
where X and Y are the projections of the elastic force in the shaft
X = —c(x + 551 cos ), Y = —c(y + SS1siny). (66)
Introducing the notation
2 ¢ «_ k . M s M-m
= =SS kY= — = — = 67
w M—m’ S 1, 15'17 M ]—Slv p Is, ) ( )
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the differential equations (65) transform to
F4+w?cs = —sw?cos, i+ w?y = —sw?sin 1,
v+ kY = M*+ spPwiesing — spPw’ycos. (68)

Due to shortness of the time, the position variation of the body is small (x < 1,y < 1,
1 < 1). The linearized differential equations (68) are

F4+wit = —sw?,
iy = —swy,
+kp = M — syw?p?. (69)

The first differential equation in the system (69) is independent and the solution
for the initial conditions z(0) = z(¢;) (see (50)) and %(0) = vg1z, where vgy, is
the projection in the z direction of the velocity of S; of the remainder body after
separation, are obtained

US1x

x = (xg1 + s) coswt + sinwt — s, (70)

For the initial conditions y(0) = ysi1(t1), ¥(0) = vsiy, ¥(0) = ¥(t1) = 1y and
¥(0) = Q14, the displacement in the y direction and the angular velocity v are

2

S Sw .
y = ﬁ(Q — Qla) — S'L/JO — S(Qt) — m(g — Qla) exp(—k t)
VS1y sw k2 .
+[ o TP e (1 + 0 " )] sinwt
sk*
+[(yo + s1g) — (2 — Qla)m] coswt. (71)
and .

=0 —(Q— Q) exp(—k*t). (72)

For the initial velocity and the angular velocity (64), where €, = Q and SS; =
R — S5, the transient motion yields

Q ISQ wQQ ISQ
= I RO s — () - — 2 2S2p —k*
Y e ISl (R S) 57/’0 S( t) (wz +k*2)k)* ISl (R S) exp( k t)
US1y sw$? B @ R—s k¥ .
+ w w? +k*2( Is1 s * w? )] sinwt
Iso K*(R — 9)
—-Q==— t
+[yo + s1g Toi 2 102 ] cos wt, (73)
and I R
b =01 — 2275 exp(—k*t)). (74)
ISl S

During separation the angular velocity starts with Q;, and tends to the steady state
angular velocity €2, which depends on the moment and damping acting on the rotor:
the higher the damping, the lower the angular velocity. If the torque is larger, the
angular velocity is also higher.

Mass center of the remainder body moves with the velocity (s2), which depends
on the properties of the system and the distance between mass center and rotation
center of the remainder body: the smaller the parameter s, the motion is slower. If
the velocity is significant, the remainder body impacts the fixed stator, but if the
velocity is smaller, the mass center tends to its steady state position.
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Stability analysis of the steady state motion of the remainder body By
introducing the polar coordinates x = rcosp and y = rsiny into the differential
equations (68),

(7: _ r(‘.pg) + sz — _5w2 COS(QD - ¢)7
rp+2rp = sw?sin(p — 1),
b+ kY = M —srw?p?sin(p —1h). (75)

Analyzing the solution it is obvious that the steady state motion corresponds to

sw?

Yss = Yss=¢ss=QUta,  rss= S erE (76)
and
. s
Vss =, Yss =pss —m=U+a, TSS = s e (77)
For the stability analysis, let us perturb the steady state motion
T:T0+P7 90:(100—1_57 wZT/Jo‘H?a (78)

where p, £ and 7 are small perturbations. Substituting (78) with (76) into (75) and
after linearization, the differential equation of the perturbed values are

pt (@ = D%)p—20r¢ = 0,
rof — sw?€ +2Qp + sw’n = 0,
i+ ki) — sw?p?ron + sw?p?reé = 0. (79)
The solution of the system (79) is assumed as
p = Aexp(At), & = Bexp(At), 1 = Cexp(At). (80)
Substituting (80) into (79), the algebraic equation of the eigenvalues is obtained
. $2p2ust
0 = N+ (W —)PN+E N+ m}
2 2 2\102,2, 4 2042 * s*pw?
—[A" + (w* = Q)]s p W +4Q° (N + k )\er). (81)

Expansion restricted to O(s?) and using the Routh-Hurwitz criteria of stability, it
can be concluded that the motion is stable for

02 < W i.e., Q<ec/(M—m). (82)

A numerical example is considered. For the values of the parameter of the remain-
der rotor w? =1, s = 0.5, p?> = 4 and the initial conditions x(0) = 0, #(0) = vs1, = 0,
ys1(0) = 0, (0) = vg1, = 0, ¥(0) = 0.5, ¥»(0) = 0 the r — ¢ diagram is plotted in
Fig.18. It represents the time history of the rotor center.

Three different values of parameter ) are considered: 0.625, 1.0 and 2.5. From the
Figure it is evident that for 2 = 2.5 > w the motion of the rotor is unstable and the
distance of mass center to the initial position increases in time. For 2 = 0.625 < w
the motion is stable and tends to the steady state position. It proves the conclusion
obtained analytically (82). The analytically calculated steady state value (77) for
mass center is 7 = 0.82051 and it agrees with the numerically obtained one.
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Q=2.5

2k Q=0.625

Fig.18. The time history r—t diagrams obtained for various values of the parameter

Q.

3.4 Conclusion

Based on the general laws of dynamics, the procedure for obtaining the velocity and
the angular velocity of the final body for discontinual mass variation is developed. It
is concluded that the position and the angular position of the body during separation
is approximately unchanged. The velocity and the angular velocity of the body has a
jump-like variation during the process of body variation which is caused by mass and
geometry variation of the body. The determined velocity of the mass center and the
angular velocity of the final body represent the initial values for its further motion. If
the relative velocity and the relative angular velocity of the separated or added body
are zero, the relative velocity and the relative angular velocity of the final body are
also zero, independently of the type of motion of the initial body.
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4 Analytical procedures applied in dynamics of the
body with discontinual mass variation

In this Chapter, applying the procedures of analytical dynamics the results obtained
previously are rederived.

Let us start with the Lagrange-D’Alambert principle. Here, drg is virtual dis-
placement of position of the mass center S and .0¢ is virtual change of the angle
position ¢ of the initial body

Multiplying the Eq. (21) with a virtual displacement drg. and using the relations
(14), we obtain

Srsi = 0rs + 0 x SS1,  Orgs = drg + d¢p x SSo, (83)
and
ﬂ:mVSQ5rSQ + (M + m)vs1(6r51 — 5(]5 X SSl) (84)
:FmV52(6¢ X SSQ) — MVS6FS
= IFT(SrS,

Multiplying the Eq. (23a) with d¢ and using the relations Lg; = I51€1, Lgos = I5289
and Lg =I5, we have

151916¢1i152926¢2+881 X (M:Fm)vSlé(zS:I:SSg XmVSQ(g(]b*ISQ(g(ZS = IM5¢, (85)

where ¢, = ¢ = ¢ and the angle variations are d¢p; = d¢py = d¢p. Adding the
equations (84) and (85), we obtain

+mvgodrgs = 152926(]52 + (M + m)vs16r51 (86)
+151Q15¢1 — (MVS(er — Isﬂ(sd))
= I"org +1V60.

Introducing the generalized coordinates g; where ¢+ = 1,2, ..., N, and assuming that
all quantities rg, rs1,rse, @,, ¢1, ¢, are functions of the generalized coordinates we
have

N
(91‘5'2

= i

N or N or
s 51
ors = ——04qi, ors1 = » —dq;, orgs =
= Oui = Ou

N N N
¢ ¢, Oy
9P sa, b, = g Oy = 5a;. 88

5qi, (87)

o

Using the relations (87), (88) and the equalities

aI‘S - af's - 8vs (91‘5'1 - (91"5'1 - (9V51 61‘52 - 81*52 - (9V5'2
dg; 04 0qi g 0¢  0g; g 0¢ 04’

(89)
0p _ 0 _00 0P, _ 0P _ 9% Iy _ 0y _ O (90)
9q; 04 0¢;’ dq;i  0q; d4; ' dq;  0q; 0q;
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the Eq. (86) becomes

N N
aVs o0 aVSg 692
;(M 8(] aqz)éqz ;[ :I:(mvsg aql +ISQQQ 8(11)
Ovg o
+(M Fm)v + 15102 0q;
+( )51&1Z 5116q]q
ol (91‘5'
::—Zﬁgmﬁwﬂ( +mm]}m
i=1 g
N N
8VS o o 8V52 892
ZZ:;(MVSG 34, )0 = ;(mvsz 34, + 15282 aqi) (91)
8vs1 691
+(M—m)vs1 94, + 1512 90 )6(]1.
ie.,
e 1 1 1
Z a—q[i(amVszvsz + 51529292) + (§(M Fm)vsiVsi (92)
i=1 1
1 N
+?$Qﬁh }: Mvm@+2kﬂﬂﬁ%
N
or oo
_ Fr9s M
= ;(I 0 +1 aqi)éql

The first group of terms on the left side of the equation represent the kinetic energy
of the system after, whereas the second group of terms is equal to the kinetic energy
before mass variation

1 1
T = =-Mvgvg+ =102, (93)
2 2
1 1 1 1
T, = i(§mvszvsz + 51529292) + (§(M Fm)vs1Vsy + 51319191), (94)

while the terms on the right side of (92) give the generalized impulse

I Fr
. = I .
QZ a% aQi

(95)
Substituting the notations for the kinetic energy (93) and (94) and also of the gener-
alized impulse (95) into (93) and separating the equations with the same variation of
the generalized coordinates, the following system of equations is obtained

T —=T1) _

; =;, i=1,2,...,N.
dq;

If the body mass variation is without external impulses, the system of equations
is modified to (see Cveticanin, 2009, )

(T, — Ts)

: =0, i=1,2,..,N. 96
o0 (96)
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Using these equations, one can calculate the velocity and angular velocity of the sys-
tem after mass variation if the velocities and angular velocities before mass variation
are known. In practical applications of these equations the kinetic energy functions
before and after separation have to be differentiable and continual functions.

Let us consider the case of mass separation when the velocity and angular velocity
of the body before mass separation and also the velocity and angular velocity of the
separated mass are given. For the Eq. (96) it follows: The partial derivative in
generalized velocity of the difference of the kinetic energy of the body before and the
sum of kinetic energies of the separated and remainder bodies after separation is equal
to zero.

Let us apply this results to analyze the mass separation for the case of the free
motion of the body. The motion has six degrees of freedom.

The kinetic energy of the initial body with fee motion in the space is

1

1 . . .
T = —M(x%+yg~+zg)+ 5

5 (Loa 25+ 1y 0+ L2421 Q0 2y +21:9,Q. 421, Q.Q,),

(97)
where Iz, Iy, I.. are axial moments of inertia; Iy, I, ., centrifugal moments of
inertia; g, ys and Zg projections of the velocity vg of mass center; Q,, Q, and €2,
projections of the angular velocity €2.

For the velocity of the mass center of the separated body

vy = Vg + Q XSS, + u, (98)
and the angular velocity
Qy =0+ QF, (99)
the kinetic energy of the free motion of separated body is
1 .. . . . . .
Tgy = §m[x% + 9%+ 2% Ul + uz +u? + 2igu, + 295Uy + 225U, +

(Qyzs52 — QLysse)? + (Qzsse — Qwzsse)? + (Qyss2 — QyTss2)? +
2(Qyzs552 — Q.yss2)ue +2(Qx552 — Qp2zss2)uy + 2(Qys52 — Qyss2)Us +
2(Qyzs52 — Qyssa)is + 2(Q.xs552 — Qazs52)Us + 2(Qaysse — Yy ss2)2s] +

1
5[11-1-2(% )7+ Ly (Qy + )7 + Lo (. + Q5)% +

2,y (L + ) + ) +

2L020(Q + Q) (2 + Q) + 2L42(Q2 + Q1) (2 + Q)] (100)

where u is the relative velocity of the separation with projections u,,u, and u,; Q*
is the relative angular velocity of separation with projections 7, (27 and Q.
For the velocity of the remainder system

vg1 =vg + Q2 x SS; + V*, (101)
and the angular velocity
Q=0+ 97, (102)
the kinetic energy of the final (remainder) body in free motion is
1 . . . 1
Ts1 = §(M —m) (&% + U5 + 31) + §(IMIQ§1 + Iylez1 +

Izlegl + QIl‘leIIle + QIZ‘ZIQIIQZI + QIzyIQZIQy1)7 (103)
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where I;z1, Iyy1, 1.1 are the axial moments of inertia; I,y1, Iz21, 1241 are the centrifu-
gal moments of inertia; v* and €2, are the unknown velocity and angular velocity of
the remainder body.

The total kinetic energy of the system after the separation is

Ty =Tg1 + Tso. (104)

Taking into account (96) and using the relations (97) and (100), the following system
of equations is obtained

(M —m)is = (M—m)iss+m(ug + Qyzs2 — Qys2),

(M —=m)ys = (M —m)ys1 + m(uy + Q250 — Qr252),

(M —m)izs = (M —m)is1 +m(u: + Qys2 — Qrs2),
0 = _(IQLQLQQL + Inyy + Iszz) + walglx + Ixylgly + Ileglz

Flrao(Qe +Q5) + Loy2(Qy + Q) + Leaa(Q + Q) + m[—(Q.752 — Quzs2) 252
+(Qeys2 — Qys2)yse — zs2(uy +Us) + ys2(uz + 2s)] + (M — m)[—(Q.251
—Quz51)251 + (Qays1 — Qyxs1)ys1 — 2s1(vy +Us) + ys1(v. + £s)],

0 = —(LyyQy + Loy + Ly Q2) + Lyy1 Q) + Loy1 Qe + Loy s
Flyy2(Qy + Q) + Ley2 (R + Q) + Ly2 (2 + Q) + m[(Qy 252 — Q.ys2) 252
—(Qpys2 — Qyrg)rse + 252Uy + T5) — zs2(uz + 25)] + (M — m)[(Qyzs1
—0.ys1)zs1 — (Qeys1 — Qas1)rst + 251 (ve + d5) — x51(v2 + 25),

0 = —(L2Q 4+ L+ LyQy) + Loy, + Loa1 Qe + Lyi Quy + Lo (Q. + Q)
JrIxZQ(Qz + Q;) + IZyQ(Qy + QZ) + m[fysg(Qyzsg — szsg) + I'SQ(QZSUSQ
—Q252) — ysa(ugy +2s) + w52(uy + Ys)] + (M — m)[~ys1(Qyzs1 — Q.ys1)

+251(Q.251 — Qezs1) — Ys1(ve + &s) + T51(vy + Us)]- (105)
Using the relations
Doy = Q. +Q, Qg = Qy +Q3,, Do, = Q. +Q7,
ts1 = @5+ v+ (Qyzs1 — Qys1), Us1 = Us + vy + (Qws1 — Qe2zs1),
Zs1 = Zs+ v+ (Quys1 — Qyas1), Ego = &5+ uy + (Qyzs2 — Q.ys2),
Us2 = Us+tuy+ (2752 — Quzs2), Zsa = Z5 + Uz + (Qys2 — QyTs2),
(106)
the Eqgs. (105) are transformed into
Mis = mZgo+ (M - m)x'51,
Mys = myss+ (M —m)js1,
Mzis = migsa+ (M —m)isi,
Lo + Loy Qy + 10 = Lipt Qe + Toy1 Qg + L1 Qs + LoaoQos + L2y
F122080. + (M —m)(ys1s1 — 251951)
+m(ys2s2 — zs29s2), (107)
LoyQup + 1y Qy + 1,29, = L1 Qg + Lyt Quy + L1 Qs + LpyoQon + Lyy2€d,y
+1,.000. + (M —m)(zs1&51 — T51451)
+m(zs2ts2 — Ts2Zs2), (108)
I Qp + 1y + 1.0 = LaaQup + Lya1Quy + Lo Qs + Lo20Q00 + Iy208ay
+1220Q0. + (M —m)(zs19s1 — Ys1@s1) (109)
+m(zs2ys2 — Ysats2). (110)
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Introducing the projections of the velocities, angular velocities and position vectors

vs = &sitysj+ sk, vs1 = s1i+ysij + 2sik,
Vs2 = Zsoltysae) + Zs2k,
Q = Qi+0Q,j+ Qk, Q= Q1i4+Q1,j + Q1k,
Qy = Qoi+00 + 2k,
SSi = zsiitysij +zsik,  SSy = zs2itysaj + zs2k,
(111)
as well as the inertia tensors
[ Lo Loy L. Iowr Ipyt Lo
Is = Ly Ly Ly |, Isi = | Iysn Iy Iyar |, (112)
| Lo Ly L. Lo Ly Lo

Ix;cZ IxyZ Isz
Iso = IymZ Iny IyzZ )
L IzzZ Izy2 IzzZ

into Eq. (21) and Eq. (23a), we obtain the above mentioned Eq. (109). The solutions
of (96) are equal to those obtained from (21) and Eq. (23a) without external forces and
torques. The main advantage of the suggested analytical procedure is its simplicity
for practical use in comparison to the classical method based on the general principles
of dynamics which have the vectorial form (Cveticanin, 2009;).

4.1 Increase of the kinetic energy

Analyzing the relation (96) it can be concluded that the kinetic energy of the body
before separation 77 and the sum of the kinetic energies of the remainder and sepa-
rated bodies Ty differs. The difference between the kinetic energies T7 and T3 is the
result of transformation of the deformation energy of the body into kinetic energies
of the separated and remainder bodies during separation.

Theorem 2 In the perfectly plastic separation of a body the increase of the kinetic
energy is equal to the sum of the kinetic energies corresponding to the relative velocities
and angular velocities of the remainder and separated bodies

AT = [(M —m)(v*) + 5Ts1 ()] + [m + S Tso(@ (113)

Proof. Using the relations (93) and (94) the difference between the kinetic energy
before separation T1 and after separation Ts is

1 1
-1, = [5 (M —m)vs1vs: + 51519191 (114)
1 1 1 1
+(§mV52V52 + 51529292)] — §MV5VS + EISQQ’
i.e.
1 1 1
-1y = [E(M —m)vs1vsr — Mvgvg + §mvS2vS2] + §MV5VS
1 1 1
+[51519191 —IsQ0 + 515’29292] + 51599. (115)
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Substituting the equalities (25) and (26) for v, = v,1 = 0, the relation (115) is
transformed into

1 1
Hh-T = §(M —m)(vs1 — Vs)(vs1 — Vs)+§m(vsz —vg)(Vsz — Vg)
*(M — m)(881 X VSl)Qfm(SSQ X VSQ)Q
1 1
5Tt (1 — )R — Q) + Tea (2 — ) (2 - Q). (116)

Introducing the relations (101) and (98) and also (102) and (99) for the wvelocities
vg1 and vga and angular velocities €21 and Qg into (116) we obtain

T -1, = (M—m)(SSl X Q+v*)(881 X Q+V*)

1
2
+=m(SSy x Q+u)(SSy x 2+ u)

—(M —m)(SS1 x (vg +SS;1 x 2+ v™))Q
—m(882 X (VS + SSo x Q + u))ﬂ
1 * * 1 * *

+5151(Q1)(Q1) + 5152(9 )(€2F). (117)
Since the time of separation is negligibly short and the displacements of mass centers
and the angle positions of the bodies during the separation are also negligibly small
we assume that the positions of mass centers and angle positions of the bodies remain
constant during the separation. Using this assumption that S is the mass center of

the body and S1 and S are the mass centers of the remainder and separated body and
after some calculation the relation (117) is simplified to

1 1
AT = Th-T) = §(M —m)v'v* + 5muu
1 1
+5151QT 1+ 51529*9*. (118)
The theorem is proved. |

Remark 3 For the perfectly plastic direct central impact of two perfectly inelastic bod-
ies moving translatory Carnot proved the following theorem (see Starzhinskii, 1982):
There is the loss of kinetic energy which is equal to the kinetic energy corresponding
to the loss of velocities of the two bodies in impact. Carnot’s theorem talks about the
loss of the kinetic energy during impact, and the suggested theorem (118) about the
increase of the kinetic energy during separation. The perfectly plastic impact of two
perfectly inelastic bodies is opposite to the perfectly plastic separation of the body into
separated and remainder bodies.

4.2 Example: Separation of a pendulum

Let us consider a pendulum with mass M and length L rotating around a fixed point
O (Fig.19). The aim is to obtain the angular velocity of the remainder pendulum
after the separation of a part whose mass is m and length [.

For the angular velocity of rotation ¢, the kinetic energy of the motion is

1ML? ,

Ty =5—5—¢" (119)
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The part of the pendulum is separating with the velocity u and the angular velocity
) and it is moving in the zy plane. Its kinetic energy is

1 1ml? .
Tgo = §mv§2 + 56@%; (120)
where
. . . . l
Py =p+1Q, V52 = Vgt + U, vsar = 9(082) = p(L — 5) (121)

Substituting (121) into (120), we obtain

1 mi?

1 . l . .
Tso = §m[u2 +(p+ QL — 5)2 —2(p+ ) (uays2 —uyws2)] + §E(<P+Q)27 (122)

where l l
zs2 = (L — 5)5111 P, ys2 = (L — 5)005 ®. (123)

The kinetic energy of the remainder pendulum is

roy 2 LOT=m)(L =17

124
2 3 P15 ( )

where ¢, is an unknown angular velocity. The derivation of the kinetic energies (119),
(122) and (124) for the generalized velocity ¢ is done according to (96). Then, the
angular velocity of the remainder pendulum is determined

. oml? . l
5 [ML%*T(g0+Q)73m(g0+Q)(L75)2+3m(u1.y527uyx52)].
(125)
In order to prove the obtained result (125), the method based on the angular

momentum of the system is considered. The angular momentum of the pendulum for
the fixed point O is

. 1
LT M —m)(L—1)

1
Lo =Lg+ Mrgvg = gMLZg':, (126)

where Lg = Igp is the angular momentum of the pendulum with the moment of
inertia Ig = 1—12ML2, the position rg and the velocity of the mass center vg

L L
— L ope= 2o 12
s =508 = 3¢ (127)

The angular momentum of the separated body is

1 l
Lok = Lgok+mrgovgok + rgaxmu = [Emlngz—i-m(L—é)(gb—i—Q)—l—m(xsguy—ysguw)]k,
(128)
for

) 1 )
Lsa = Isapg = Emlz(Qﬁ’ + ), (129)
mrgavss = m(L— 5)(@ +Q), rgo X mu = mk(zsaty — ysauz),

where k is the unit vector perpendicular to the xy plane. The angular momentum of
the remainder pendulum is

X 1 .
0= Ls1+ (M —m)rsivs1 = g(M —m)(L—1)*¢,, (130)
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where

1
12

(L—1)% .

Lsy = Is1p) = — (M —m)(L = 1)*¢y, rsivsL = {1 (131)

Using the assumption that the angular momenta of the system before and after mass
separation are equal to each other, the following equation is obtained

M —m)(L-1)%. mi? . . l

W= =D o (o) (o + (L 5~ (atisr—y52)]

1
“ML*p =
4 12

(132)

3

Comparing the eq.(125) with (132), it is obvious that they are in agreement.

Fig.19. Model of the separated pendulum.

4.3 Conclusion

The proposed analytical procedure for obtaining the velocity and angular velocity of
the remainder body after the mass separation is based on the principles of momentum
and angular momentum of the body before the separation and the system of bodies
after separation. By using the derivatives in the velocity of the kinetic energy of the
whole body and of the system of bodies after separation, the required quantities are
found. These quantities depend on the velocity and angular velocity of the separated
mass, mass of the body before separation and also on the mass of the separated
body. In addition, these values depend on the moment of inertia of the whole body,
moment of inertia of the separated body and on the position of the separated part.
The procedure given in this paper is of a general type and applicable to solving all
the cases where discontinual mass variation occurs. The developed analytical method
is much more suitable for engineering applications than the direct use of the general
vectorial principles of dynamics. The results obtained with the developed analytical
method are equal to those obtained by using the classical procedure.

The kinetic energy of the system increases during separation in general. The in-
crease of the kinetic energy of the separated and remainder bodies during the perfectly
plastic separation is equal to the kinetic energies of relative motion of the two bodies.

As it is stated in the previous Chapter, the dynamics of body separation repre-
sents an inverse process of the perfectly plastic impact of the two perfectly inelastic
bodies. During the separation, which lasts for a very short time interval 7, the body
undergoes a relaxation which causes the energy of deformation (potential energy) to
be transformed into kinetic energies of the separated and the remainder bodies. This
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additional kinetic energy causes the relative motion of the separated and remainder
bodies. The separation forces and torques which act between the separated and re-
mainder bodies give the separation impulses and moments of separation impulses.
We regard the separated and remainder body as one complex system. Then the se-
paration impulses and moments between these bodies are internal within that system.
The external forces and torques are assumed to be negligible in comparison to those
caused by body separation. It is this fact that the law of conservation of the momen-
tum and angular momentum of the system can be applied. The linear momentum of
the body before the separation and the sum of the linear momenta of two parts after
the separation remain invariable. Also, the angular momentum of the body before the
separation and the sum of angular momenta of two parts after the separation remain
invariable.
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5 Dynamics of the body with continual mass va-
riation

Based on the mathematical expressions of the principle of the momentum and of
the angular momentum, in this Chapter the differential equations of motion of the
continaul mass variation of a body are obtained.

Namely, according to (6) and (20) and the principle of the momentum, it is

AK =MAvg £ m(vges — vs1) = F.AL, (133)
where the velocity variation is
AVSl = Vg — Vg. (134)

Substituting the relation (17) into (22), the principle of the angular momentum has
the form

ALp =rg x AK FSS3 x m(vsy — vs2) + ALg +Lgg = (M(};T +M)At, (135)

where
ALg = Lg; — Lg, (136)

and
Lga = I52Q20. (137)

Introducing the notation for the adding or separating mass and moment of inertia
and its absolute velocity as

m =AM, Iso = Al Vgg =1, (138)

and also
VsL =V, (139)

the relations (133) and (135) are transformed
MAv =F, AtFAM(u—v), (140)
ALg = (ME" + M)At —rg x AK +S8Sy x AM (v —u) F AIQ,. (141)

By introducing the moment of external forces ME™ for the mass center of the body S
the connection between the two resultant moments MST and M?' for the two points
O and S is

ME =ME" +rg x F,. (142)

Multiplying the Eq. (20) with the position vector rg it is
rs x AK =rg x F,. (143)
Substituting (142) and (143) into (141) yields
ALg = (ME" + M)At + SSy x AM(v — u) F AI,. (144)

Dividing the Eqgs. (140) and (144) with the infinitesimal time At, it is

Av AM
ALy AM AI
W—(Ms +gﬁ):|:SSQXTt(V—u):FEQQ (146)
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For the limit condition, when the infinitesimal time tends to zero, the relations (145)
and (146) transform into

dv dM

ME = Fr-l-(jF'E)(u—v)7 (147)
% = (M§7-+911)+SSQ><(3F‘dd—]\f )(U.—V)-i—(:F‘% )92, (148)

ie.,

dv dM
M% F7‘ -+ ﬁ(U*V), (149)
dLs .~ p, aM dl
el (Mg" 4+ 9) 4+ SS2 x e (u—v)+ dtﬂg. (150)

Remark 4 [t must be emphasized that the sign 'minus’ or ’plus’ (F) in front of the
elementary mass dM and moment of inertia dI have to be eliminated in the equations
which describe the motion of the continually mass variable bodies. Namely, the sign
of the first time derivative of the mass (dM/dt) and of the moment of inertia (dI/dt)
are negative, if the mass and the moment of inertia are decreasing in time (mass
separation), and positive, if the mass and the moment of inertia are increasing in
time (mass addition). The sign of these first derivatives is automatically obtained
during the calculation and it availables the elimination of the mentioned signs in the
formulas in front of the time derivatives of the mass and moment of inertia.

For Lg = I where I = Ig is the tensor of moment of inertia, and after some
simple modification the differential equations of motion of the body with continual
mass variation follow as

d dM
E(MV) = F,+ W (151)
d r dM dlI
E(IQ) = (Mg"+Mm) +SS; x o (u—v)+ 7 Q. (152)
For (see for example Goldstein, 1980)
d dl  _dQ
the differential equations of motion transform into
dv dM
ME = Fr-l—ﬁ(u—v), (154)
I@-l—ﬂxlﬂ = (Mg"-l—im)—l—SSgxd—M(u—v)—i-ﬂ(Qg—Q). (155)
dt dt dt
The last terms in the Egs. (154) and (155) represent the reactive force
& - ddif(u—v), (156)
and the reactive torque
R=C50, - 0), (157)
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which exist due to variation of mass and moment of inertia of the body. The reactive
force ® gives the moment due to point S and it is

ME =SS, x &. (158)
Substituting (156) - (158) into (154) and (155), we have
dv
MY —F, +®, 1
7 + (159)
ds? Fr P
=2 + 2 I = ME + MAME R, (160)

The first equation defines the translational motion and the second the rotation around
the mass center S.

For practical reasons it is convenient to rewrite the vector differential equations
(159) and (160) into the scalar ones. Introducing the fixed coordinate system Oxyz,
the components u, v, w of the velocity v, the components us, v, wo of the velocity
u and F, Fy, F, the components of the resultant F,. the vector differential equation
of translational motion is given with three scalar equations

du dv dw
ME:Fx'i'@JJ ME:Fy—i—@y? ME:FZ—F@Z’ (161)
The terms on the right side of (161)
dmM dM dm
o, = W(UQ - ’U,), (I)y - W(’UQ - U)? P, = E(wz - w)’ (162)

are called the projections of the reactive force. The reactive force is the consequence
of mass variation. This result is published in the paper Cveticanin and Kovacic, 2007.

For the reference system S¢n( fixed to the body with the origin in the center of
mass of the body the inertial tensor I has nine components, but only six of them
are independent: Igg, Iy, I, are the moments of inertia and I¢y, I¢, Icand also
Ine, Ie¢, Iy are the products of inertia. If the axes are principal and products of
inertia are zero simultaneously the inertial tensor I has only three principal moments
of inertia Ie¢, Iy, I The angular velocity 2 has three components p, g, r in this
frame. If py, ga, 75 are the components of the angular velocity Qg, M®, M,> and M®
are the body-axis components of ME, M, M, and M, are the body-axis components
of Mg" and M, M,, and M are the projections of the torque the vector IM, the
equation for rotational motion (160) is given with three scalar equations

1552—7; + (Iee = Iny)qr = Mg + Me+ME + Re,
Inn% + (Tee — Leo)pr = My + 9]1,]+M,‘]I’ + R,
I“% + (Iyy — Iee)pg = M¢ + M +ME + Re. (163)
The terms on the right side of (163)
we= e, g omy= g, g w =D, e

are called the projections of the reactive torque. The reactive torque is the conse-
quence of variation of moment of inertia of the body.

The Eqgs. (161) and (163) are the six scalar differential equations of motion of the
body with variable mass. For the both cases, when mass is separating or adding, the
differential equations of motion have the same form (161) and (163), but the signs of
separating mass dM/dt and separating moment of inertia dI/dt are negative, while
the signs of adding mass dM/dt and adding moment of inertia dI/dt are positive.
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5.1 Discussion of the differential equations of motion

1) Comparing the relations (159) and (160) with those for the free motion of a body
with constant mass (see for example Starzhinskii, 1982)

M(fl—: =F,, I‘il—? +Q xIQ =ME" 4+ 9m, (165)
it is evident that due to variation of the mass and moment of inertia some additional
terms exist which represent the reactive force ®, its moment M¥ and the reactive
torque R.

2) For the case when the relative velocity and angular velocity of mass and moment
of inertia variation is zero, the differential equations of motion have the form (165),
but M and I are time variable. Namely, due to the fact that u = v and Q5 = €2, the
reactive force and torque and also the corresponding moment are zero, i.e.,

=0, R=0, ME =o0. (166)

3) For the case when the absolute velocity u = 0 and the angular velocity Qs = 0 of
added or separated mass are zero, the differential equations of motion transform into

d
E(MV) = F,, (167)
%(m) — ME i MY (168)
where the modified reactive force and its moment are
M .
o = Vdd_t’ ME =SS, x &*. (169)

The sign of the moment of the reactive force is negative.

Cornelisse et al., 1979, introduce the additional assumption: the moment of the
reactive force is sufficiently small in comparison with other values in the system and
can be omitted. The differential equations of motion (167) and (168) simplify into
d (Mv)=F d (IQ) = ME" +m (170)
i v)=I,, N = .
dt dt o
In the paper of Meshchersky (1896) this special case is considered for the rotating
body around a fixed axle

d Fr

E(ICT) = M:" + M. (171)
where I; is the time variable moment of inertia, r is the angular velocity, M CF " is the
moment of the resultant force due to the axle ¢ and M is the torque rotating the
body around the axle .

4) Mathematical model of the mass variable body with translatory motion is equal

to that of the particle with variable mass and it is
d
MY —F, + & (172)
dt

This relation was for the first time introduced by Meshchersky. Based on this
equation the modern rocket dynamics is developed.

5) If the mass variable body rotates around a fixed axle, the system of differential
equations of motion (161) and (163) simplify into only one

dr

ICE

= M+ M + R, (173a)
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The reactive torque R¢ depends on the variation of the moment of inertia for the
rotation axle and the relative angular velocity which is the difference between the
angular velocity of body rotation and the angular velocity of the separated or added
mass. If the relative angular velocity of the mass variation is zero, the differential

equation of body rotation is
Icp = M+ M. (174)

where ¢ = r.and the moment of inertia is time dependent.
6) For the straightforward motion of a mass variable body the differential equation

is according to (172)

dv
M— =F, + ®, 1
7 + (175)

where IM

Comparing (173a) and (175) it can be concluded that the differential equations have
the same form, where the reactive force ® for the translatory motion corresponds to
the reactive torque R¢.

Remark 5 Using the principle of solidification Bessonov, 1967, obtained the differ-
ential equations of free motion of the body. Bessonov does not take the reactive torque
into consideration.

5.2 Band is winding up on a drum

Let us consider the in-plane motion of a drum on which the band is winding up
(Fig.20). The differential equations of the motion are according to (161) and (163)

d . dM

E(MxSl) =F, + vabv

d . dM

E(Mysﬂ =Fy+ v,
d N P dISl
7 (Is19) = Ms1 + Mg, + 7t Qp, (177)

where
s M . .
Mg, = E[(SlsZ)w(vyb —9s1) — (S1S2)y(vep — Es1), (178)

(S182), and (S1S2), are projections of the position vector of the point of mass a-
ddition due to the mass centre S1, €2 is the angular velocity of the winding band, v,
and vy, are the projections of the linear velocity of the winding band, M is the mass
of the drum with band, Ig; is moment of inertia of the drum with band, g1 and g1
are the projections of the velocity of the mass center of the drum with band and ¢ is
the angular velocity of the drum with band (Cveticanin & Kovacic, 2007).

Fig.20. The model of the rotor on which the band is winding up.
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The technical requirement for winding up of the band is the absolute velocity of
the band v, to be constant. Only for that condition the rolling up of the band on the
drum is accurate without crumpling of the band or its plucking. The band is moving
translatory with velocity v horizontally, parallel to y-axle in Fig.20. The projections
of the band velocity are

Uy = 0, Uyp = 0. (179)

The rolling up of one band layer is discussed. The angle of rolling up of the band is
in the interval from ¢ =0 to ¢ = 27.

5.2.1 The geometric and physical properties of the drum with band

If the mass of the drum with unrolled band is My and the rolling mass is M,
M, = pep, (180)

where
1= Rhbp, (181)

h is the thickness, b is the width and p is the density of band, the mass M variation
is a linear function of the angle ¢

M = My + M, = My + pep. (182)

The position of mass centre of the drum with unrolled mass is
M,
S5 = ﬁ(SS’), (183)
where S5’ is the distance of the mass centre of the unrolled mass on the drum

S = R%%Q). (184)

According to the relations (182), (183) and (184) the distance between the mass centre
of the whole system and the rotation centre is obtained

L
S5y = Mo+ 7 sin( 5 ). (185)

The moment of inertia of the drum with the unrolled mass is Jy and the moment
of inertia of the band which is rolling up is

® ®
JT:/RZdMT:/R?’hbpd(p:j(p, (186)
0 0

where j = R3hbp = pR? is the unit moment of inertia. The total moment of inertia
is obtained by superposition the both moments of inertia

Jg = Jo+ jo. (187)

Applying the Steiner theorem the moment of inertia for the parallel axis settled in
the mass centre is obtained

Js1 = Jg — M(SS1)?. (188)
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5.2.2 Forces acting on the system

During winding up of the band the following forces act: the elastic force of the shaft,
the damping torque, the reactive force and the reactive torque.
The elastic force of the shaft is projected in the fixed coordinate system

F, = —cxg = —c(xs1 — 5SS cos %), F, = —cys = —c(ys1 — S5 sin %), (189)

where c is the rigidity of the shaft.
According to (177) and (179) the projections of the reactive force ® and the
reactive torque & are obtained

dM , . dM . dI .
p= o (CEs), By = —gs),  R=—E ().

dt dt
If the rotational damping torque acts
Mp = —Dg, (190)

where D is the damping coeflicient, and the moment of the reactive force according
to S7 is considered, the differential equations of the plane motion is obtained

aM , .
Migy + cxs1 = ¢(SS1) cos A4 + —(—%s1),

2 dt
. . dM .
Mijs1 + cys1 = ¢(S51) Sln% + (v =ds1),
. . dJ . .
Js19+ Dy = dfl (=) + z51¢(SS7) sin % —ys1¢(SS1) cos %
dM . dM , .
+— (U= 951)(8182)0 — —- (—51)(S152)y- (191)

It is worth to be mentioned that due to winding up of the band the symmetry
of the disc is disturbed and the products of inertia J,, and J,, are not zero. As the
thickenss of the band which is winding up is quite small, the mentioned products of
inertia are also small and can be neglected.

For the case when the mass centre and the geometric centre of the disc are quite
close and the eccentricity is 5SS & 0, we have the coordinates g1 ~ rg and ys1 =~ yg.
Omitting the terms with S5 in the equation (191) and using the relations (182), (187)
and (188) the differential equations of the plane motion of the disc, with variable mass
and without the unbalance force, are obtained

Mis + cxs = —ppis,  Mis + cys = pp(v — ys), (192)
Jsp +Dp = —jo* + pp(v — §s)(SSa)s + upis(SSz)y. (193)
The system of differential equations (192) and (193) is nonlinear.

5.2.3 The shaft is rigid

If the shaft of the drum with winding up band is rigid the motion of the system
transforms to a rotation around the rigid axle (zs = ys = 0)

(Jo + )@ + D = —j@* + pguR. (194)

Introducing the new variable u(p) = ¢ the differential equation (194) is transformed
to the Bernoulli equation

. Jdu .
(Jo +J<P)% + ju= (R — D), (195)
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whose solution for the initial condition ¢(0) = 2 has the form

o= JoS + (R — D)y
Jo+Je '

(196)

The relation (196) describes the variation of the angular velocity of the drum when
the absolute velocity v of the winding band is constant. The angular velocity of the
drum decreases during winding up of a layer.

Integrating the differential equation (196) for the initial angle ©(0) = 0 the time
history of angle variation is obtained

Jo _ oS
j  wwR-—-D

(197)

@+ (

R-D R—D
)ln‘lﬂolw "w —

JoSh J

This form of solution is not convenient for discussion. Introducing the new variable

wR —D
B 1
r + 7o ©, (198)
the equation (197) is
D (uwR — D)?
r+—Inr=1+-——-——"1 199
I JojSh (199)
Let us introduce the new function
w:flnrfﬁ, (200)
k1
where (R — DY? RoD_ i
pR — pR — D — j,
=14+——t k=—— 201
fi + T, oM i (201)
After substituting (200) into (197) and some transformation the obtained result is
wexp(w) =z, (202)
where ) f
1
= — —2). 2
x T exp( k?1) (203)
The solution w(z) of (202) is the Lambert’s w function (see Weisstein, 2007)
_ 1 fi
w(z) = lambertw(— exp(—:—)). (204)
k1 k1

Substituting into (200) the solution for r is obtained

1
r= fkl(lambertw(fk— exp(f%))) = —kw(zx), (205)
1 1
which gives the implicit solution for (197)
1 Qb J()Qb
= Jo(= — - . 2
® Jo(j ;wR—D)w wR—D (206)

For the case when damping is neglected and assuming that v = (2 R the relation
(197) is simplified and the angle time function is linear

o = Wt. (207)
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5.2.4 The shaft is elastic

Let us transform the differential equations (192) introducing the variables

dz d’z , dx
_ . 4z Lo 4w dx . 9
rs=z(p), s A v As + " (208)
. dy . . APy 5, dy .
= == = -2t 4 = 2
ys =y(¥),  Us a0 Us = g® + i (209)
The obtained system of differential equations of plane motion is
od?r  dr . . .
(Mo + pp) > =5 + == [ + (Mo + psp)@] + cx = 0, (210)
de® — dp
) d2y dy .92 .. .
(Mo + pep)@ a2 @[uso + (Mo + pp) @] + cy = pgv, (211)
d
Jsp+ (D — pR)p + ji* = fWRﬁ. (212)

Substituting (196) into (210) and (211), assuming that u/My, j/Jo, p/Jo and D/ JoY
are small parameters, the simplified differential equations are formed

;%ﬁ + 263—; +w?(p)x =0, (213)
% + 26% +w?(p)y = MLOR’ (214)
oy 2 _JSR” + Jlsgﬂ = —JﬁR&g—Z, (215)
where
26:21\/%7%07% W (p) =w? = k*(1 - Ap),
2

To obtain the approximate analytic solutions of (213) - (215) the Bogolubov-
Mitropolski method is modified for the non-homogenous rheo-linear differential equa-
tions.

Omitting the terms on the right side of the equation (215) as small values the
approximate solution of (215) corresponds to the case of rigid shaft (196). Substituting
(196) into (214) the solution of the differential equation (214) is assumed as

1 u 1
= a(p) exp(—dyp)cos ¥ (p) + — R =aexp(—dp)cos¥V+ ———R, (216
y = a(p) exp(—d¢p) () 2(0) Mo p(—dp) (0 Mo (216)
where
W)= [ wloddo+al) (217)
and the first derivative of the function y
dy . oo R
i = (—dacos U — aw(p) sin ¥) exp(—dp) — (E) 2= g2’ (218)
with p J
d—z cos T — a£ sin¥ = 0. (219)
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Eliminating the second order small term in (218) the relation transforms to

dyN

do (—=dacos U — aw(p)sin ¥) exp(—dyp). (220)

Using the relations (216) - (220) the differential equation (214) is transformed into
a system of two first order differential equations

da adw . da 1 dw
= 2 gin? v — = ——5sin20. 221
dye wdp S dep 2wdp S (221)

27
It is at this point the averaging procedure % J (¢)d¥ is introduced and the relations
0

(221) are simplified into

da _ _ade da_ (222)
dy 2w dp dy
For the initial conditions
=0, a=a, a=a, (223)

the solution of the equation (214) in the first approximation is

s = (¢) = Jromm esp(—bg)cos(hy/T= A7) +o0) + o (220

According to the suggested procedure the solution of the equation (213) is

25 = alp) = e e s T= AP + 5. (229

where by and 3, are initial amplitude and phase. The parameter values have to satisfy
the relation )
Ho_ed D 1
M() J() J()Qb 2
The motion of the rotor center depends on the ratio between the small parameters
w/Mo, j/Jo and D/Jo€Qp. For small value of the rotational damping and higher
velocity of the rolling band the vibrations decrease.
Using the obtained solution (224) the correction for the angle velocity (196) can
be denoted. Due to the fact that ys tends to zero for technical reasons the relation
(196) is guessed to be accurate enough.

3

(226)

5.3 Conclusion

During the process of continual mass variation, the mass and moment of inertia of the
rigid body vary due to adding or separating of mass in the short infinitesimal time
interval: mass but also the form and the volume of the body are continually varying
in time. It causes the body mass center position variation and also the change of
the moment of inertia and the products of moment of inertia. Due to mass and
moment of inertia variation the reactive force and reactive torque act. Namely, the
absolute velocity and angular velocity of addition or separation differs in general from
the velocity of mass center and angular velocity of the initial body and it causes the
impact to occur. As the mass variation is continual the impact is substituted with a
"reactive force" and "reactive torque" which continually act on the body. The force
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and torque depend on the absolute velocity of mass centre and angular velocity of the
separated or added body.

For the rolling up of the band on the drum mass and moment of inertia of the
drum with band is varying. Mass and moment of inertia depend on the angle position
of the wounded band. Due to geometry variation of the drum with band the mass
center position inside the system is varying, too. This variation seems to be small
and is neglected in our consideration. During winding up of the band on the drum
the impact occurs due to difference of velocity and angular velocity of the band and
drum. It causes the vibrations of the mass centre of drum. The vibrations of drum
mass centre depend on the amount on the band winding up on the drum: the higher
the amount of band on the drum the smaller the vibrations. The damping property
of drum also has an influence on the vibrations: the higher the damping the smaller
the vibrations.

The band is winding up with constant velocity. This requires the angle velocity of
drum to vary. The angle velocity variation is the function of the moment of inertia of
the band which is winding up and also of the damping properties of the system: for
higher damping the angle velocity decreases faster than for the smaller damping; the
larger the moment of inertia of the winding up band the slower the decrease of the
angular velocity. This result is of technical importance for regulating of the rotation
of the drum.

6 Lagrange’s equations of the body with continual
mass variation
As it is always in analytical approach to the problem, in this Chapter the famous

Lagrange’s equations of the second kind for the body with continual mass variation
are derived. Let us rewrite the Egs. (151) and (152) into the form

%(Mv) = F,+ &, (227)
%(m) = ML+ M+ME +R,. (228)

where IM il
éu = ELL Ru = %927 (229)

and the reactive force ® and the moment of the reactive force M% are given with Eqs.
(156) and (158), respectively. Multiplying the Eq. (227) with the virtual displacement
or, and the Eq. (228) with the virtual angle % and by adding them, it follows

(F,+®,)0r + (M5 +IM+ME + R, )00 — Midr — Misr—1¥5® —1¥5% = 0, (230)

where @ = Q and () = d () /dt, ()" = d?(-) /dt2.The relation (230) describes the
D’Alambert-Lagrange principle for the body with continual mass variation: The total
virtual work of all active forces and torques (including the non-ideal constraint reac-
tions), of the reactive force and torque, of the moment of the reactive force and of
the inertial force and torque is equal to zero for any virtual displacement and virtual
angle of the body. Mathematically, it is

SAT 4 5A% 4 5AR £ 5A+5AM? =0, (231)
where
SA! —(Mi+Midr)or — (I¥ + 1)@, A% = &, 0r,
sART = R,0®,  JAMO =MZIoW,  §A=F,0r + (M5 + 9M)5¥232)
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Let us introduce ¢ = 1,2,...,6 independent generalized coordinates g;. The virtual
displacement and the virtual angle are determined by formulas

Or
or = 2 9, —bg;, 0 = Z 5%, (233)
where dg; is the variation of the generalized coordinate g;. Substituting (233) into
(231) and after some modification we have

6

D (Zi+ Q) + Q" + Qi+ Q]"?)dq; = 0, (234)

i=1

where the generalized inertial force Z;, generalized force of the part of the reactive
force Qf’a and reactive torque Qf**, generalized force of the active forces and torques
and reactions of non-ideal constraints ; and the generalized force of the moment of
the reactive force wa ¢ are calculated according to following formulas

B d or d ow éa L OT Ra m O¥
Z’L - [dt(MV)8q1+dt(I )aqz]7 Qz 7¢a8qi Qz - aaqi,
o or Fr ow Mo g0 O¥
Q. = F, 0 +(Mg" +Mm) 90 Q;"? =Mg SO0 (235)
The generalized inertial force Z; is rewritten as
d Or ow d Or d 0¥
Z; = —a[(M )a—qZ + (1) 8%] + [(Mv )E(‘?_qz + (IQ)E (‘9qi]' (236)

The position vector r and the angle vector ¥ depend on the generalized coordinates

¢; and time t
r =r(g;,1t), U = W(g;,t). (237)

As the generalized coordinates also depend on time, the velocity and angular velocity
have the form

dr . I\ ) )
o Za i ==y 2 gy 0 (238)

Now we take the partial derivatives with respect to ¢;

o0 _ ok _ov 0w _ob_ o0 239)
dqi 04  04i’ dq; 04 04;
On the other hand, taking the partial derivatives of both the sides of equalities (238)
with respect to ¢; we obtain

ov 92y 6 . 0 9Pw 5w
dg;  Otdg; Z aqzaq %> 9q¢;  Otdg; + ; m%- (240)

Directly, the time derivative of (Or/dq;) and (0¥ /dq;) is

6

6 2 2 2
o°r . di(@‘l’)@‘ll o0“w (241)

dt\9q;) ~ 01dq; " <= 9g,09;" dgi) ~ 019q; " <= 9g;00; "
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The left sides of the Eqgs. (240) and (241) are equal, and consequently,

v _d (e 09 _d (0w
8qi N dt 8qi ’ Oqi N dt '

242
o (242)
Applying (239) and (242), the generalized inertial force (236) is
d ov o ov on
Zi = ——[(Mv)=— + (IQ)—] + [(Mv)— + (I2) —]. 243
FIOMZE+ AR + [(Mv) 5 + (D F] (243)
After some modification, Eq. (243) transforms into
dorT oT
o 244
¢ dt an + 8(]1‘7 ( )
where T is the kinetic energy
1 1
Substituting (244) into (234) the general equation of dynamics for mass variation is
6
d (9T 0T ba | Ra M¢>
— (=) -— - (@i +Q / : ;= 24
|0 (5) 5 - (@rarrar e am=o

Since the coordinates g; are independent so are the variations dg; and therefore con-
dition (246) implies

d (oT oTr

The Lagrange’s equations of motion of the variable mass body is given by Bessonov,
, by using the method of solidification.

Bessonov’s equations are not general, as
he assumed that the absolute angular velocity of the added body is zero and the
generalized force Qf** is omitted.
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7 Vibration of the body with continual mass varia-
tion

As the special type of motion in this Chapter the oscillation of the body with time
variable mass is considered. The motion is bounded, periodical and with monotone
change of the direction of motion around the equilibrium position or it is added to
the steady state motion of the body. In this Chapter the one and also two degrees
of freedom oscillators with variable mass are investigated. The new procedure for
solving the differential equation of vibration is developed. The obtained results are
applied for analyzing of the motion of the Van der Pol oscillator with variable mass
but also of the rotor, as the one-mass oscillator with two degrees of freedom, and the
two-mass system with two-degrees of freedom and mass variation.

7.1 One-degree-of-freedom oscillator with strong nonlinearity

Based on the Eq. (161) with (162) and introducing the generalized coordinate z, the
mathematical model of the one-degree-of-freedom oscillator with time variable mass

1S
M
Mi =F, + dd—t(u”” — ), (248)

where F), is the resultant force and u, is the absolute velocity of the adding or se-
parating particle in z direction. In general, the resultant force is a function of the
displacement x, velocity & and time ¢

dM
Mié:Fx(x,ic,t)+W(uz — ). (249)

If an elastic force of odd parity acts, i.e.,
Fe(—2) = Fe(-2), (250)
the differential equation (249) is as follows

dM
Mi + Fo(x) = Fy(x,4,t) +E(ul — ). (251)
Eq. (251) describes the vibration of the time variable one-degree-of-freedom system.
Let us consider the oscillator where:
1. Mass variation is slow and depends on the ’slow time’ 7 = et where ¢ << 1 is

a small parameter
M =m(r). (252)

2. The elastic force depends on the nonlinear deflection ac|x|°‘71 , where the
order of nonlinearity a € Ry is the positive rational number written as a termination
decimal or as an exact fraction, o € Q1 = {% >0:meZ,necln# 0} and Z is
integer.

3. The absolute velocity of the adding or separating mass is zero, i.e., u, = 0.

4. The additional force which acts on the oscillator is small and is the function of
the deflection x and velocity ¢ : F, = ef;(z, ).

The mathematical model for such an oscillator is

dm(1)
- dr

m(7)i + ko |2|*7" = @+ efi(x, 1), (253)
i.e.
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i+w(n)z|e|* " = ef(r,x, &), (254)
where p
ef(r,z,d) = *m?T) 737(_7)56 + m?T) fi(z, ). (255)
and
ko
w(r) = )’ (256)

7.2 Criteria for the generating solution

For € = 0 the generating equation of (254) is

i+ wiz |zt =0, (257)

with initial conditions

2(0) =20,  #(0)=0, (258)

where w? = w?(0) =const.Integrating (257) and using the initial conditions, the first

integral of the energy type is obtained (Cveticanin, 2008)

.2 2 2

x wy a1 wy a+1

Z o4 _r0 =0 ) 259
2+a+1|$| a+1|x0| (259)
Being both addends on the left nonnegative, the associated phase paths represent a
generalized Lamé superellipse in the £ — & phase plane. There is a single equilibrium
point = @ = 0 such that is a centre, therefore the solutions of (259) are periodic
in time (see for example Cveticanin, 20092; Mickens, 2010; Cveticanin and Pogény,
2012).

For the new variable |z| = |0 |s|1/(a+1)

the period of vibration is

4|CL'(]| 1 04/2

woy/2(a+ 1)

Introducing the Euler beta function B(m,n) (see Rosenberg, 1963)

Tow = — |s)TY/2sm/ (et g, (260)

1
- /(1 —|s|)"Lsm1ds, (261)
0

the relation (260) can be rewritten as follows

4|x0|<1*“>/23 11

Top = ,2). 262
= L BTy (262)
Due to I (m)T(n)
m)I'(n
B(m,n) = Tmtn)’ (263)
the exact period is
R A )F(%)
Tew = , (264)
woy/2(a+ 1) ( )
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where I is the Euler gamma function (Abramowitz and Stegun, 1979). Using I'(3) =
/7 the period expression is finally

B 1 221 P(%ﬂ)
e <\/<a+ 1)) (ﬁm?’iﬁ))) | 209

Using the property of the conservative oscillator (257), for the condition & = 0,
according to the relation (259), the extremal amplitudes during a period of vibration
are obtained as Ty.x = o and Xy, = —Zo.

We suggest to form the approximate solution of (257) with the exact amplitude
ZTmax and period of vibration T,,, which is previously determined with (265). The
approximate solution with the exact amplitude and frequency describes the motion
which is equal for the first, second and also n-th period of vibration. Using the
exact period and amplitude of vibration, the approximate solution would satisfy the
following relation

2(0) = 2(Tey) = ... = x(nTey) = xo. (266)

It yields, that the approximate solution satisfies not only the initial conditions (258)
but also the requirements of the exact amplitude and frequency and the relation (266).
Based on the previous investigation it can be concluded that the approximate so-
lution with the exact amplitude and period of vibration has the following advantages:

- the initial values need not to be small

- there is no error accumulation due to period difference (AT = 0) and the solution
is valid in the whole time range from zero to infinity.

Remark: We must underline that in the suggested procedure for obtaining of the
approximate solution there are no series expansions, averaging or simplifications of
the differential equation.

The number of periodic functions which satisfy the aforementioned requirements is
extremely large. We suggest an additional criterion for the choice of the approximate
solution which would be based on the first time derivative of the approximate function.
Namely, it is required that the maximal value of the first time derivative of the
approximate solution &, be equal or close to the exact velocity of vibration. Due to
the Eq. (259), it is evident that the maximal velocity of vibration exists for xy = 0

and has the value
2&)(2) a+1

— . 267
a+1 2ol (267)

Umax
Using (267), the suggested criterion is mathematically expressed as
jf'max(xv = O) ~ Umax(xv = O) (268)

Such a criterion will be useful for the choice of the most appropriate approximate
solution of (257).

7.3 Types of generating solutions

In this section three periodical functions which satisfy the initial conditions (258) and
the requirement of the maximal amplitude xg, i.e., the Eq. (266), will be assumed as
the approximate generating solutions of (257): the cosines Ateb function (Rosenberg,
1963), the cosines trigonometric function and the cn Jacobi elliptic function (Byrd
and Friedman, 1954). It will be investigated whether these functions satisfy the
requirements (266) and (268) which are the criteria for the approximate solution of
(257).
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7.3.1 Exact analytical solution

Let us rewrite the first integral (259) as follows

atl (a+1)/2
T =+K 1_<|x|> , K:‘/§|w0|¢7 (269)
Zo va+1

T

o
Now, we are ready to solve (257) i.e. (270) analytically. Let us choose the positive
right-hand—side expression in (270). It will be

i.e.
(270)

i Kt+C, (271)

where C' denotes the integration constant. Expanding the integrand in L into a
binomial series and then integrating termwise, we conclude

/7;) n(%) <|xi0|>(a+1)"dx =z, Z (%) m (_|>(Ot+l)n+1.

Employing the Pochhammer symbol (a), = a(a +1)---(a +n —1),n € N mutatis

mutandis
1 1
_E — ( 1)7L (2)'”
n n!
and
1 (L)
1 atl _ atl ),
(a+1)n+1 n—i—ﬁ_l (a_ﬁ> )
«
hence

('i()')(aﬂ)n: 2l 24 T o )(M)““}_ (272)

L=|z |Z <n (ail)

|
oz+1> n:

Now, by the well-known formula (see http, 2012, and 20125) such that connects the
Gaussian hypergeometric o F; and the incomplete Beta function Bg:

2F1[ a, 1—=205 H _a

0t 1 Bs(a, b), ls] <1,

letting

we get

B(m)a+1( - 2) V2(a 1) wol 2Vt 4 C. (273)

Zo
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Finally, the initial condition 2:(0) = xg clearly gives

Dol | 08 ()™ < e (2 3)

Zo 1+a+1 X0 0l+17§

= B(L 1) +2(a+ 1) jwo| {2t

a+1'2
(274)

This relation will be our main tool in determining the explicit solution of Cauchy
problem (257) with (258).

In his classical paper Rosenberg, 1963, introduced the so—called periodic Ateb—
functions concerning the problem of inversion of the half of the incomplete Beta—
function

1 1 0<s<1
s g Bs(a,b) = 3 / 57711 — s)P~1ds.
0

Obviously, we are interested in the case a = a+r1, b= % 1. The Ateb (kind of inverse

Beta) functions in the focus of our interest are solutions of the system of ordinar
differential equations

v—ut=0
it ——y =0 (275)
a+1
(consult e.g. Senik, 1969). We write
v(s) =sa(l,q,8), wu(s)=cala,l,s). (276)
It can be easily verified that the inverse of 2 B,(4, =1+ ) and v(s) coincide on [~ 311, 111,],
where L1
M, =B(——.,2). P
(a +1°2 (217)
Having in mind the following set of properties:
—sa(l, o, —s)
Fca (a, 1, %Ha + s)

sa(l,a, 2) = (278)

tsa(l, o, I, £ 8) ’
Fsa(l, o, 210, F s)

we see that sa(a, 1,s) is an odd function of s € R; it is the so—called 2II, — periodic
sine Ateb, i.e. sa — function. Also there holds

sa’(1,a,s) +ca®(a,1,8) =1, (279)

and cosine Ateb 2, that is ca(l,q, s) function, is even and 2II, — periodic having
properties:

ca(a, 1, —s)

sa (1,a, 311, £ 5)

ca(a, 1,8) = 280
(1, 5) —ca(a, 1,1, £ s) (280)
ca(a, 1,210, £ s)
1Senik, 1969, constructed inverses for the incomplete Beta—function Bg(a, b) for
1 1 2pu+1
= = ) = ) ) € No .
Tt m+1 T MYET0
For a = 1 sa, ca one reduce to the sine and cosine functions. That means sa(l,1,s) =

sins, ca(l,1,s) = coss.
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By these two sets of relations we see that functions sa,ca are defined on the whole
range of R.
Now, inverting the half of the incomplete Beta—function in (274):

1 1 1\ IO, Va+1 _
_Bma+1<—,—>:_‘x+wxé@ 1)/275,
27 (5) " Na+172) 7 2 NG

we clearly deduce

I, a+1 |w0| (a—1)/2
t) = xq - la,— + —F+— t] . 281
2(t) xosa(,a,2+v el (281)
Having in mind the quarter—period expansion formula (280) we arrive at
vV 1 a—
() =20 - ca (a,l,%"%'xg ”/27:) . teR. (282)

By ca(a, 1,0) = 1, we see that the initial condition x(0) = xy is satisfied as well.
The obtained result (282) is the exact analytical solution of the Eq. (257) for the
initial conditions (258) and is widely discussed in the paper Pogdny and Cveticanin,
2012.
Recalling that (see Senik, 1969)

d d
—ca(a, 1,8) = - sa(l,a, s), % sa(l,a, 8) = ca®(a, 1, 8),

ds
the first time derivative of the solution (282) is

+1

Qw2 o 1 (-
w3 xé +1)/28a(17a’ lwo Vo + o 1)/2t),

T =— 283

o1 7 0 (283)
with the maximal value of the first derivative
. 2w?

Fmax = || =0 |z 1. (284)

The function (282) and its time derivative (283) with its maximal value (284) satisfy
the requirements (258), (266) and (268) for the maximal velocity (267).

Let us consider some special cases:

1) For the linear case, when a = 1, Eq. 257 reduces the autonomous equation

i+ wir=0.

By virtue of the initial condition z(0) = xg formula (274) reduces to

1 1 2
|| zFl[ 2752 )(1) ] = 1 arcsin (1) = (E + |w0|t) ,
2 Zo 2

To
therefore -
x(t) = txgsin (5 + |w0|t) =z cos (|wolt) . (285)
The first time derivative of the approximate solution (285) is
& = —wowo sin (Jwolt),
with maximal amplitude
j:max = ToWwWqQ- (286)
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Comparing (286) with (267) for o = 1, the relation (268) is satisfied.
2) Let us determine the exact analytical solution for the differential equation of
Duffing type with the pure cubic nonlinearity (o = 3)

i+ wird = 0.

Let us recall (see http, 20123, 20124) that
1 1
2F1{ 1.2

MR

1
F(arcsin ¢/s| — 1) = e snt(s| — 1), ls| <1, (287)

where
s=am(s|m) ds
F(s|k?) = / —_—, sn(s|k?) = sinam(s|k?),
0 1—k2sin’s

and F,am,sn denote the incomplete elliptic integral of the first kind, the Jacobi
amplitude, the Jacobi elliptic sn function, respectively, k2 is the modulus of the elliptic
function (Byrd, 1954) and sn~! stands for the inverse Jacobi elliptic sn function.
Thus, for o = 3 we have

1 4 2
|x|2F1[ 4712 )(xio) } :xo.sn—1<|x_x0|‘—1> C+%t. (288)

Since the initial condition 2(0) = xg, we conclude
C=uxg-sn (1| —-1)=A-K(-1),
where K (k?) = ( |I<:2 ) denotes the celebrated complete elliptic integral of the first
kind. The Jacobi elliptic sn(s|k?) has period w = 4K (k2), for now
11y ()
AK(~1) = B(Z, 5) = e < 524116,

is the period of the function sn(s| —1). Employing the quarter—period transformation
formula for the Jacobi amplitude

m(K (k?) — s|k?) = <\/1—k2 kfil), K2 <1

for k2 = —1, one deduces by (288

wl=1

that

~—

() = o - sn (K(l) 4 lwolzo t) - 1) = 20 - sinam (K(l) 4 lwolzo t‘ - 1)

V2 V2
1
=z - sin {g —am <K(1) + — |w0|x0 t‘ — 1)} = I - COS am <x0|w0|t)§> .

2(t) = 20 - n (w0|w0| t)%) . (289)

Here cn(s|k?) = cosam(s|k?) denotes the Jacobi elliptic cn function®. Being cn(0[3) =
1, formula (289) has the interpolatory property z(0) = xg. It is worth to say that
Lyapunov in his classical paper in 1893, introduced the Jacobi elliptic functions (cn

3The elliptic functions sn, cn were defined by Jacobi under the names sin am, cos am; the notation
sn, cn was introduced by Gudermann and Glashier (see Du Val, 1973).
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and sn) which are the special case of Ateb cosinus and Ateb sinus functions for o = 3.
The same functions are used for solving the third order nonlinear differential equation
of Duffing type by Yuste and Bejarano, 1990, but also Chen and Cheung, 1996.

The first time derivative of (289) is

. 1 1
&= —a2|wo| - sn <x0|w0|t)§> dn <x0|w0| tb) ,

with maximal amplitude (see Byrd and Friedman, 1954)

e (200)

Tmax =

Comparing (290) with the maximal velocity (267) for o = 3, it is obvious that the
relation (268) is satisfied.

In spite of the fact that (282) is the exact solution of the generating differential
equation (257), due to its complexity, the Ateb function is not convenient for practical
application.

7.3.2 Generating solution in the form of the trigonometric function

Let us assume the approximate solution in the form of a trigonometric function

Tq = xo cos(), (291)

where for the exact period of vibration (264) the frequency of vibration is

Q= ;f = Oz V2 Ju2, (292)
with 5
a+1 \/%F(T;f_l))
0, — ( (293)
2 T(2h)

Substituting the assumed generating solution (291) and its first and second time
derivatives into (257), it follows

2
a2
For the first time derivative of (291)

(Acosth) + wi(Acosy) T ~0. (294)

Zq = —xof2sin(), (295)

the maximal value is

CL‘a max — Q (DDLI /2\/7 - 2w0 |0‘+1 |:£:| o 1 Eﬁ:a_l)) . (296)
F( a+1 )

It is evident that the obtained maximal velocity (296) differs from the exact max-

imal velocity (267). Comparing these two values it is evident that the difference

depends on the order of nonlinearity and is zero only for the linear case, i.e., @ = 1.

The trigonometric function is the most widely used one for describing the oscillatory

motion.
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7.3.3 Generating solution in the form of the Jacobi elliptic function

Let us assume another approximate solution of the same problem in the form of the
Jacobi elliptic function (Byrd, 1954)

z, = zocn(Qt, k). (297)

where € is the frequency and k? is the modulus of the Jacobi elliptic function. The
suggested approximate solution satisfies the given initial conditions and the require-
ment of the exact amplitude.

As it is known (see Gradstein and Rjizhik, 1971) the relation between the frequency
and modulus of the Jacobi elliptic function, and the vibration period and frequency
of vibration, is as follows

_AK(R?) 4}((/&2)Q

Q
! T o

(298)

where K (k?) is the complete elliptic integral of the first kind (Byrd, 1954). Sub-
stituting the exact vibration frequency (292) into the relation (298), we obtain the
frequency of the Jacobi elliptic function

0 = Qa2 Jwl. (299)

where
2K (k?)

Q= Q. (300)

It is evident that the frequency of the Jacobi elliptic function depends on the modulus
k? which has to be determined.

The modulus k2 will be calculated from the condition of the maximal vibration
velocity (267) for xy = 0. Namely, using the condition xy = 0 and the relation (297),
it is obtained that the maximal vibration velocity is for

ty = (2n+)K(k:2)’ (301)

where n = 1,2, 3,...The first time derivative of the approximate solution (297) is
&, = —2oQsn(Qt, k2)dn(Qqt, k?). (302)
Substituting (301) into (302) it is
i(ty) = —zousn((2n — DK (k?), k*)dn((2n — 1)K (k?), k?), (303)
where
sn((2n — DK (K2), k%) = £1,  dn((2n— DK (), k%) =k =1 —k2,  (304)

o sn((2n — DE(R), k2)dn((2n — 1)K (), k2) = ¥, (305)

and k" is the complementary modulus of the Jacobi elliptic function. Due to (303),
(305) and (299) with (293), the maximal value of the first time derivative is

2K 2\1./ o
e = (1) = zou ! = 2L g2, [ (306)
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Equating the relation (306) with the maximal velocity of vibration (267) and using
the criterion (189), it follows

N
PR = G Tt (307)

The solution of the Eq. (307) gives the value of the modulus of the Jacobi elliptic
function k2. For that certain value of k2, the frequency of the Jacobi elliptic function
(299) is calculated. Substituting the corresponding value of k2 and (299) into (297)
and (302), the approximate solution of (257) and its first time derivative are obtained.

Analyzing the relation (307) it is obvious that the modulus of the Jacobi elliptic
function depends only on the order of the nonlinearity and is k?(«). Solving the
nonlinear algebraic equation (307) for various values of a, the modulus &2 is calculated
and given in Table 5. In the Table 5, also the constant of the frequency of vibration
Q4 (293) and the constant of the frequency of the Jacobi elliptic function 5 (300)
for certain value of « are given. Knowing the order of nonlinearity « and taking the
correspondent modulus of the Jacobi elliptic function k? and the constants , and
25, the frequency of vibration (292) and the frequency of the Jacobi elliptic function
(299) are calculated.

Table 5. The constant 2, of the frequency of vibration, the constant of the
frequency of the Jacobi elliptic function Q] and the modulus of the Jacobi elliptic
function k2 as the function of the order of nonlinearity a.

a Qo k> ok
0.0 1.110720 -1.807855 0.843971
0.1 1.098258 -1.381162 0.873824
0.2 1.086125 -1.062291 0.898978
0.3 1.074316 -0.816762 0.920225
0.4 1.062822 -0.622992 0.938194
0.5 1.051636 -0.466883 0.953392
0.6 1.040748 -0.338896 0.966232
0.7 1.030150 -0.232378 0.977054
0.8 1.019832 -0.142567 0.986138
0.9 1.009785 -0.065976 0.993721
1.0 1.000000 0.000000 1.000000
1.1 0.990467 0.057340 1.005143
1.2 0.981179 0.107572 1.009292
1.3 0.972126 0.151894 1.012572
1.4 0.963300 0.191252 1.015083
1.5 0.954694 0.226408 1.016925
1.6 0.946298 0.257978 1.018169
1.7 0.938106 0.286466 1.018886
1.8 0.930110 0.312288 1.019137
1.9 0.922304 0.335789 1.018974
2.0 0.914681 0.357261 1.018444
3.0 0.847213 0.500000 1.000000
4.0 0.792402 0.575240 0.970417
5.0 0.746834 0.621298 0.938189
6.0 0.708220 0.652256 0.906434
7.0 0.674977 0.674439 0.876303
8.0 0.645978 0.691091 0.848161
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a Q 2 o
9.0  0.620397 0.704038 0.822048
10 0.597617 0.714386 0.797865
20 0.455377 0.760706 0.630870
30 0.382158 0.775993 0.536665
40 0335713 0.783594 0.474776
50 0.302909 0.788140 0.430235
60  0.278155 0.791164 0.396230
70 0.258622 0.793320 0.369179
80 0.242698 0.794935 0.346998
90 0.229395 0.796191 0.328384
100 0.218063 0.797194 0.312474

Besides, the in-built subroutine JacobiCN[s, k2]1in Mathematica enables the exact
curve plotting of the Jacobi elliptic functions (see Du Val, 1973).

Considering the relation (307) the following is concluded:

1) For the linear oscillator, when « = 1, the right hand side of the equation (307)
is m/2 and according to (307) the corresponding value of the modulus of the Jacobi
elliptic function is k2 = 0. Then, the cn Jacobi elliptic function transforms into the
cosines trigonometric function.

2) For 0 < e < 1 the modulus of the Jacobi elliptic function is according to (307)
negative. For k% < 0, the cn Jacobi elliptic function transforms into cd =cn/dn Jacobi
elliptic function (see Gradstein and Rjizhik, 1971)

k2
en(Qt, k?) = cd(Qt/1 + |k2], - L |1L2|)' (308)

3) If a tends to zero the right hand side of the equation tends to 2, and k?
= —1.807854731. Using the transformation (308) the corresponding modulus of the
cd Jacobi elliptic function tends to k? = 0.643 86.

4) Introducing the new parameter s = 1/(a+1) which tends to zero when « tends
to infinity, the right hand side of the relation (307) is

v Tam) sT(s) . ~T(s+1) ~T(1)
T DTy YT G ) Y R YR T
(309)

Then, the value of the modulus of the Jacobi elliptic function tends to a constant
value: k% = 0.806192642.

5) For o = 3 the modulus of the Jacobi elliptic function is k2 = 1/2 as it is already
shown in (289).

Analyzing the data in the Table 1 it is evident:

1) For the linear case, when a = 1, the both constants: €, and QF are equal to 1.

2) The value of Q, decreases from 1 by increasing of the order of nonlinearity «,
and increases with decreasing of the order of nonlinearity a.

Remark 6 Comparing the approzimate solutions (297) and (291) with the exact so-
lution (282) and also the mazimal values of the first derivatives (306) and (296) with
the exact vibration velocity (267), it can be concluded that the relation (297) is more
appropriate than (291) to be considered as the approximate solution of (257).
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7.4 Approximate trial solutions

Using the procedure published in Cveticanin, 2012, the approximate trial solutions of
(253) are introduced.

7.4.1 Solution with Ateb function

Having in mind the solution (282) and its first time derivative (283), the trial solution
of the differential equation (254) and its first time derivative are assumed in the same
form, but with time variable parameters, i.e.,

x = A(t) - ca(a, 1,9(t)), (310)
and
- e a0, (311)
with
' va+1

() = w(7) NG [A@)] V2 +6(t)

and A= A(t),v = 9¥(t),0 = 0(t) and w = w(r). Comparing the first time derivative
of (310)

= -2 a2 st )+ At e 1,6 - 200D )
with (311), it is concluded that they are equal if
Aca(a,1,v) — 246 sa(l,a,9) =0. (312)

a+1

Substituting the second derivative of & and the function z 310 into ODE 254, we get

Va+1

. 2 .
i+ wlrlz|*T = —|w) ACTD/26a(1 o, 1p) - A — Jwlv2 ACHD/Z a0 (0,1, 9h) -

\/5 vo—+1
— of(r, Aca(on 1,), % AT a1, ) = of |

such that becomes a first order differential equation

; (1-a)/2
A0 Caa(av 17w) = - \/é EfA

: 2
Asa(1, a, ) + : 313
sa(l,on9p) + -~ RS - (313)
Coupled with (312) this system of ODEs in A, results in
B A)2
A= ——ror 1 314
. v/ (1-a)/2
Ap = YOFLA T (o 1,0). (315)
wv/2

The obtained first order differential equations (314) and (315) represent the rewritten
version of the second order differential equation (254) in the new variables A and . To
solve the differential equations (314) and (315) is not an easy task. Bearing on mind
that any T—periodic (f(t +T) = f(¢)) integrable function f possesses the property

T+y
/ f'(5)fP(s)ds =0, £>0,v€R,
;
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by letting f(s) = ca(a, 1, s), T = 211, the averaging procedure immediately gives

A-a)/2 211,

A = 7(,()]:[01 2(a T 1) 0 Efsa(lv «, 7/’)d¢7

and
VaF1A0-a)/2 211,
21—10&"\/§ 0

To find the value of the inner—most integral we apply a result by Drogomirecka, 1997,
reads as follows

Af = efcala, 1,9)de.

n+1'm+1
(316)
forallp,ge{7:r€Z,1=2k-1,k€ N}, i.e. the powers are rational, having integer
numerator and odd positive denominator.
Let us consider the vibrations of the oscillator with slow mass variation and the
reactive force

211,
/0 sa”(n,m, ) ca’(m,n,¢) dy = %(1+(—1)p+(—1)q+(—1)I’+Q) B <p+ L g+l > ,

e dm(r),
=— 1
ef m(r) dr (317)
The differential equation of motion (254) transforms into
. 2 a—1 _ . g dm(’T) .
4w (1)z |z = ) dr z, (318)
with (256).
According to (314) and (315), the Eq. (318) is rewritten in the form
. 2A & dm(r)
A=-— ’(1 319
Ol+1 m(’T) d’T Sa ( 70571/})7 ( )
. A dm(T)
Af = T dr sa(l, o, ¢)cala, 1,1) . (320)

Using the averaging procedure (316) the averaged differential equations are

A e 1 dm(r) [
Ca+1 m(r) I, dr /0 sa*(L, o ¢) dy

24 & 1 dm(7) 3 1
Ca+1 m(T)H_a dr )B (a’a_ﬂ) ’ (321)

A =

210,
Af = —ﬂié) dn;f_T) 21}[ /0 sa(l, «, s) ca(a, 1,1) dy = 0. (322)

Integrating the relation (322), it is § = 6(0) =const. The uncoupled differential
equation (321) is rewritten as

dA dm
= _— _p= 2
1 — (323)
: 1 1\ .
where the constant P with (277) for II, := B (—, —) is
a+1"2
1 3
1 ’ 1
_ a+12) (324)

a+1B 11 S 34a’
a+1'2
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For the initial condition z(0) = z¢ and initial mass m(0) = myg, the solution of the
differential equation (323) is
1
A=z (@> e (325)
m
The amplitude of vibration increases if the mass decreases, and it decreases if the mass
increases. The amplitude variation is proportional to (mg/m)*/3+®) and depends on
mass variation, but also on the order of nonlinearity. For the same mass variation the
amplitude variation is for the linear oscillator zq(mq/m)'/* (this result is previously
obtained by Bessonov, 1967) and for the high order of nonlinearity (o — oo) the
amplitude tends to be constant i.e., A = xg.
Introducing (256) and (325) into (311), the variation of the maximal vibration
velocity is obtained

e = 2012 (@)% (326)
max A \/Oé—-i-l 0 m .
Comparing (326) with (267), it is
at2
ZTmax A = Umax (@> o . (327)
m

The maximal velocity of vibration decreases in time if the mass increases, and increases
for the case of the , mass decrease. The velocity of variation depends on the order
of nonlinearity. For the same mass variation the velocity variation is for the linear
oscillator proportional to (mg/ m)3/ 4 and for extremely high order of nonlinearity
(a — o0) it is (mg/m)!.

The most often used nonlinearity is the pure cubic one. For the mass variable
oscillator of Duffing type using the results (325) and (326), the amplitude and maximal
velocity of vibration are expressed as

1 5
A= Zo (@) ’ y Tmax A = Umax (@> ’ . (328)
m m

7.4.2 Solution with trigonometric function

Let us assume the trial solution of the Eq. (254) in the form of the generating solution
(291) and its first time derivative (295) but with time variable amplitude, frequency
and phase angle, i.e.,

A(t) cos (i), (329)
—A(t)Q(7, A(t)) sin(t), (330)

where o
v =0+Q(r,At)), (331)

and A(t), 0(t) and ¥(t) are unknown functions. According to (292) the frequency
function is

(7, A(t)) = Qaw(7)(A(t) T, (332)

where €, =const. given with Eq. (293). Calculating the first time derivative of (329)
and equating it with expression (330), it follows

A(t) cosp(t) — A(t)B(t) sintp(t) = 0. (333)
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Substituting (329), (330) and the time derivative of (330) into (254) and using the
relation (294), we obtain

—AQsiny — AAg— siny — aA@? siny — AQ0 cos1p = ef (1, Acos ), —AQsin 1)),

O
(334)
where w = w(7),A = A(t),0 = 6(t),v = (t). Hence, two first order differential

equations (333) and (334) replace the second order differential equation (254). Solving
(333) and (334) with respect to A and 6, we have

AQ - Aa— sin? 1)) = AaQ O sin?1p — e f(1, Acost), —AQsine)) siney,  (335)
0A Ow 0T
o0 00 Ow .

AO(Q — Aa sin? 1)) = Aa—a— siny cosp —ef(1, Acos), —AQsin 1)) cos 1.

(336)
Averaging the differential equations in the period 27 we obtain the following equations

2eA  dw 4eA

AZ‘mE‘mm/“mw’ Ay, 350

2e A"

Af = mQW /f 7, Acost), —AQsin 1)) cosdi, (338)

and from (331) and (332)

2e AT

e

/f 7, Acos ), —AQsin ) cos Ydip. (339)

Solving the averaged differential equation (337) and substituting the obtained
solution for A into (339) the approximate function v is obtained which gives the
solution (329).

Small linear damping force acts For the special case when beside the reactive
force also the linear damping force acts

F, = —ebi, (340)

where ¢b is the small damping coefficient, the function f is

f<b+1dm)5c. (341)

m  mdr

As the mass variation is slow and the damping coefficient is small, the reactive and
damping force are also small in comparison to the elastic force. Substituting (256)
and (341) into (337) and (339) the differential equation (253) transforms into a system
of two averaged first order differential equations

A € dm 2eb
Ao (@) Eoam (312
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) a1 [k
P(t) = QA 2 g (343)

In general, the averaged amplitude variation is the solution of (342)

= 2eb [ dt
A=A (%) exp (—5804/%), (344)

which gives the phase angle function

a—1

== = __a-1_ _1 2eb dt 2
Y =15+ Qv ka (Agmg ) /m 2G-a) " 2 (exp (5 — /E)) dt.
(345)
The amplitude and the phase of vibration vary in time due to damping, but also due

to mass variation. The order of nonlinearity has a significant influence on the velocity
of amplitude and phase increase or decrease.

Linear mass variation Let us consider the case when the mass variation is linear,
as it is suggested by Yuste (1991)

m = mqg+ miT = mg + emat, (346)

where my is a constant and ¢ is a small parameter. According to (342), we obtain the
differential equation for the amplitude variation

A e(2b+my)

== rel 347
A (5—a)m (347)
a) For the special parameter values, when mq /b = —2 the amplitude of vibra-
tion is constant i.e.,
A = Ay = const. (348)
and the relation (345) transforms into
2 a=1
b=y + =0y Vha (m? = mi?) (349)
1

For this special case in spite of the action of the linear damping the amplitude
of vibration is constant due to the fact that the linear mass separation makes the
compensation to the effect of damping. Using the series expansion of the function

we have
a-t [k
=1y +2Q, 4,7 ([ —t. (350)
mg
The approximate value of the period of vibration is independent on the mass variation
and damping coefficient, and is given as follows

2
T=—r e
20, Ay7 (/2=

mo

(351)

The approximate period value depends only on the order of nonlinearity.
b) For my /b # —2 the amplitude-time and phase-time functions are

(13)

A:%(ﬁ>5a : (352)

mo
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and
Vioka Ay m \ 7= (1)
v= emy 1 a—1 2b mo — L o, (353)
27 2(5—a) (1 + m_1> 0

which give the approximate solution (329)

x = A (ﬂ) “ea () (354)

mo

COs

Vioka _ AgT 0 (= >%——2<“51a> S

em 1 a—1 2b g
Lt (14 2) 0

The amplitude and phase variation depend on the relation m, /b, parameter m; and
order of nonlinearity a.

Let us consider a numerical example were the order of nonlinearity is a = 4/3,
the rigidity k4,3 = 1 and the mass decrease is m = 1 — 0.01¢, where mo =1, m; = 1
and € = 0.01. The differential equation of motion is
. |a:|1/3

$+m =0.01(1-0b)4, (355)
where b is the damping coefficient. For the initial conditions z(0) = Ay = 0.1 and

%(0) = 0 the analytical solution (354) has the form

0.1
T = (1-0 Olt)0.27273(172b) (356)
66.028 0.5(170.0909(1721;)))
1—(1-0.01t .
o8 (0.5 (1—0.0909(1 — 2b)) ( ( )

>
°

MMM A LA
VY A VY

x(t)
x(t)

>

40 50

a) " t

0.10

:;Aﬂhﬂﬂ/
WY VYYY

—-0.10
40 50

x(t)

c) t

Fig.21. The z — t diagrams obtained analytically (a — full line) and
numerically (n — dot line) for: a) b=0,b) b=1/2 and ¢) b = 1.
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In Fig.21 the approximate solution (356) and the numerical solution of (355),
obtained by using of the Runge-Kutta procedure, are plotted. The = —t diagrams for
various values of the damping parameter b are shown.

It can be concluded that for b = 1/2 the amplitude of vibration is constant as
it is previously stated (see Eq. (345)). For the case when the damping is neglected
(b = 0), due to mass decrease and existence of the reactive force, the amplitude of
vibration increases. For certain damping (b = 1) which is higher than the limit value
(b = 1/2) the amplitude of vibration decreases. The analytical solution is in a very
good relation to the numeric one in spite of the long time interval of consideration.

Linear oscillator For the linear oscillator when o« =1
FO+3)
A=A ( ) (357)
m

and \/_
L (Vi ) + (359)
If the damping parameter is zero the amplitude variation is A = Ao (22) 14, Using

the series expansion of the functions in (358) the approximate frequency of vibration is
\/k1/mg which corresponds to the systems with constant mass and without damping,.

Influence of the reactive force Let us analyze the influence of the reactive force
described with the function

Substituting (359) into (344) and (345) we obtain the variation of the amplitude
1
gy (0T
hmg (Z0)7 350

and of the phase angle function

1 % a—1 1
Y =Yg+ QaVka (wom§“> /m‘wm “2dt. (361)

For the certain order of nonlinearity « the amplitude of vibration increases with
decreasing of the mass in time. If the mass increases, the amplitude of vibration de-
creases for the oscillator of the certain degree of nonlinearity. For the linear oscillator,
when a = 1, the amplitude variation is

1/4
A=z <@> : (362)
m
and for the pure cubic oscillator with cubic nonlinearity (see Cveticanin, 1992)
1/2
A=z <@> . (363)
m

If the mass increases, the amplitude decreases faster for higher order of nonlinearity.
If the mass decreases the amplitude increases faster for smaller order of nonlinearity.
Using (330), (332), (293) and also (360), the variation of the vibration velocity is

_3
jf'maxA = jf'a max (@) e . (364)
m
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The velocity correction function due to mass variation is (mg/m)3/(5=2),

For the case when the relative velocity of the adding or separated mass is zero and
the reactive force is zero, or for the case when the reactive force is sufficiently small
and can be omitted, the amplitude and phase angle functions are according to (337),
(339) and (256)

. Am
A= —— 365
Gy’ (365)

b= Qo) R aoF (366)
m

Integrating the relations (365) and (366) for the initial amplitude Ag, phase angle v,
and mass my, it follows

and

A = A (ﬂ> - (367)
mo
——1 aTl a—1 1
Vo= P+ Qv ka <A0m0 5“) /(m)wﬂw‘? dt. (368)

Due to (329) and the relations (367) and (368), the approximate solution is

ﬁ 1 % a—1 1
x = Ay (ﬁ> cos (1/}0 + Qo vka (Aomo 5a> /(m) 3G-a) 2 dt) . (369)

mo

Analyzing the relation (367) it is obvious that for the same order of nonlinearity «,
the amplitude of vibration increases by increasing of the mass. Besides, for the same
mass variation, the amplitude increases faster for higher orders of nonlinearity.

7.4.3 Solution in the form of the Jacobi elliptic function

Let us assume the solution of (254) in the form of the Jacobi elliptic function
z = Acen(y, k?), (370)

with the first time derivative
& = —AQqsndn, (371)

where A = A(t) is the unknown time variable amplitude,

t

= (t) = / Qu(t)dt + 0(t), (372)

0

0 = 0(t) is the unknown time variable phase and

2
0 = 2K(K) )QQAWU/? Fa_ (373)
i m(T)
The first time derivative of (370) is
i = —AQysndn + Aen — ABsndn. (374)

Comparing the time derivatives (371) and (374) it is evident that they are equal for
Acen — Absndn = 0. (375)
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Introducing (370), (371) and the time derivative of (371) into (254), and using the
relation
—AQ3en(1 — 2k% + 2k%en?) + w? Acen ~ 0, (376)

we obtain a first order differential equation

— AQy sndn — AQ sndn — AQ Oen(1 — 22 + 2k%en?) = E% + %Alendn. (377)
The relations (375) and (377) represent the re-written version of the second order
nonlinear differential equation () into a system of two coupled first order nonlinear

differential equations. After some modification, we have

AQ [sn2dn®+cn?(1-2k2+-2k%en?)] = fsésndnf%AwsnzdnzfAlenzdnz, (378)

AéQl[snzdn2+cn2(1—2k2+2k20n2)] = fsécnf%AQlcnsndanﬂlcnsndn. (379)

Solving the Eqs. (378) and (379), the two unknown functions A and € are calculated.
For simplification the averaging the differential equations is done. The differential
equations are averaged over the period of vibration and they are

i 25 2 201 1.2 2 o2y _ € g & 25 2
A(sn?dn® + en®(1 — 2k* + 2k%en?)) = e (fsndn) A(m + Ql)<sn dn®)
(380)
Af (sn?dn® + en®(1 — 2k* + 2k*en?)) = _mil (fen), (381)
1
4K (k?)
where (...) = Wll&) / (...)dy . After integration, the Eqgs. (380) and (381)
0
transform into
i 12 2 _ __°t _
Al1-F)+kCy) = e (fsndn)
o, 2 2 2
A 21—k - (1-2 -
(m+QﬂK k) — (1 —2k%) Co — k*Cy],
/ 12 2 _ __°t

A0 [(1 - k) +k°Cy] = e (fen), (382)

where (see [?])
1 (E N 1k
Cy = k2<K_1+k)N2+16+'" (383)
Cy = J;p@ﬁ—4y7+ufwﬂ]~§+kz+ (384)
4 - 3k2 2 ~ 8 32 eee

Oscillator without reactive force For the case when the absolute velocity of
mass adding or separation is zero, the differential equation of motion is

m(7)i + ko 2|t = 0. (385)
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According to (??7) and (382), the amplitude and phase variation are

Qo [(l—kz)—(1—2k2)02—k204] ’
0 = const., A= AO(Q—) [(1=#2)+42C4] = Ao(q)~". (386)
1

For the linear oscillator the amplitude-time function is

(14 387
A xO(mo) ’ ( )
and for the cubic oscillator it is
A= Ag(— 028586 (388)
mo

For the case when mass increases, the higher the added quantity, the higher the
amplitude.

Oscillator with the reactive force If the terms ¢f are omitted and zero, the
solutions of the differential equations (??) and (382) are

6 = const., A= xo(%)s/@*(a*l)s), (389)

where ) ) 20
1—k%)—(1-2k%)Cy —
[(1 —k2) 4+ k2C4]
Using (389) and the frequency of the Jacobi elliptic function (373), the approximate
frequency of vibration of the oscillator is

Q(r) = 49, (301)
where ¢ is the correction function
g = (%)%ﬁ (392)

For the linear oscillator the amplitude variation is
- mo 1/4
A =xo(— 393
Zl'()( m ) ) ( )

as is already given (see Eq. (362)). The frequency of vibration is

Q= kb 394
e (304)

as it is previously published in Bessonov, 1967.
The maximal velocity variation function is according to (371), (373), (306) and
(389)

. . ™my
Tmax = xpmax(EO)Pa (395)
where +1
St
p=—"7"°"_
24+ (a—1)s

. 2K (2K’ (at1)/2 5
and &, max = %Qa% Vwg-
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Using the previous results, the oscillator with cubic nonlinearity (398) , when
a =3 and k% = 1/2 has the following amplitude and velocity variation

A= o(2)72, (396)

and mo
i’max = ipmax(ﬁ)lg)/w (397)

where & max = V2K(Q/2 Q

= o

Comparing (3933r and (387), it can be concluded that for the same mass variation
the amplitude variation depends on the existence of the reactive force. If the mass
increases and there is not a reactive force, the amplitude of vibration increases, but
the existence of the reactive force causes the amplitude decrease.

Example 1. Let us consider the strong nonlinear cubic mass variable oscillator
with reactive force. The mathematical model is

d, . 3

%(mx) +x2° =0, (398)
with the initial conditions z(0) = z¢ = 1 and #(0) = 0, and mass variation m =
(140.1t). Applying the Runge-Kutta procedure, the numerical x —¢ solution and also
the @ —t relation is obtained. Using the suggested solving procedures the approximate
solutions of (398) are calculated. For the case when the approximate solution is in
the form of the Ateb function, we express the amplitude and maximal velocity of
vibration variation functions (328) as

2
A= (1+0.1¢)7016667 G A = g(l +0.1¢)70-83333, (399)
In Fig.22a the numerical x — ¢t and approximate A — ¢, and in Fig.22b the numerical
& —t and the approximate &,.x 4 —t curves are plotted. It can be seen that the curves
(399) are on the top of the numeric solution. The difference is negligible not only for
the amplitudes of vibration, but also for the first time derivatives.

0.6

0.4

/ 02
X 00 X 0.0

-02

-0.4

-06

a) 0 10 20 30 40 b) 0 10 20 30 40

Fig.22. Comparison of the approximate Ateb solution with the numeric one: a)
the z —¢ (thin line) and A —t (thick line) curves, and b) & —¢ (thin line) and Zmax a4 —1
(thick line) for the cubic oscillator with linear mass variation.

Using the approximate solution in the form of the trigonometric function, due to
(363) and (364) the amplitude and maximal velocity functions are given as

A=(1+01t)""% s = 0.84721(1 +0.1¢) /2, (400)

72



dc_476_12

In Fig.23a the numerical x — ¢t and approximate A — ¢, and in Fig.23b the numerical
Z — t and the approximate Zy.x4 — t curves are plotted. It can be seen that the
curves (400) significantly differ from the numeric solutions. The difference is not only
for the amplitudes of vibration, but also for the first time derivatives. The analytical
solutions can be applied only for the qualitative analysis of the problem

1.0

X 00 X 00

—

-05

a) 0 10 20 30 40 b) 10 20 30 40

Fig.23. Comparison of the approximate trigonometric solution with the numeric
one: a) the x — ¢ (thin line) and A — ¢ (thick line) curves, and b) & — ¢ (thin line) and
Zmax A — t (thick line) for the cubic oscillator with linear mass variation.

Using the approximate solution in the form of the Jacobi elliptic function, a-
ccording to (396) and (397) the amplitude and maximal velocity functions are given
as

A= (140.1¢)7015625 g o4 = 0.70711(1 4 0.1¢) 798125, (401)

In Fig.24a the numerical x — ¢t and approximate A — ¢, and in Fig.24b the numerical
& —t and the approximate &,.x 4 —t curves are plotted. It can be seen that the curves
(401) are close to the numeric solutions, not only for the amplitudes of vibration, but
also for the first time derivatives.

1.0
0.6

04

53
/ 02
X 00 X 00

-02

=035 -04

-0.6

a) 0 10 20 30 40 b) 0 10 20 30 40

Fig.24. Comparison of the approximate solution in the form of the Jacobi elliptic
function with the numeric one: a) the z — ¢ (thin line) and A — ¢ (thick line) curves,
and b) & — ¢ (thin line) and @yax 4 — ¢ (thick line) for the cubic oscillator with linear
mass variation.

Example 2. Let us consider the strong nonlinear cubic mass variable oscillator
with reactive force. The mathematical model is

d
= (md) + z|*? =0, (402)

with the initial conditions z(0) = z¢ = 1 and #(0) = 0, and mass variation m =
(1+0.1t)2. Applying the Runge-Kutta procedure, the numerical 2 —t solution and also
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the £—t rela-tion is obtained. Using the suggested solving procedures the approximate
solutions of (402) are calculated. For the case when the approximate solution is in
the form of the Ateb function, we express the amplitude (325) and maximal velocity
(326) of vibration variation functions as

2

Emax A = —=(1 4 0.18) 77/, 403
\/5( ) (403)

In Fig.25a the numerical x — ¢t and approximate A — ¢, and in Fig.25b the numerical

#—t and the approximate &,.x 4 —t curves are plotted. It can be seen that the curves

(399) are on the top of the numeric solution. The difference is negligible not only for

the amplitudes of vibration, but also for the first time derivatives.

A= (1+01t)7%9,

1.0

0.5

X 00 X 0.0

-05

-10

Fig.25. Comparison of the approximate Ateb solution with the numeric one: a)
the z —¢ (thin line) and A —t (thick line) curves, and b) & —¢ (thin line) and Zmax 4 —1
(thick line) for the cubic oscillator with linear mass variation.

Finally, it can be concluded that the approximate solution based on the Ateb func-
tion and on the Jacobi elliptic function are suitable for application for solving of the
problem of vibrations of the mass variable oscillators. Namely, the obtained solutions
satisfy not only the initial conditions and the amplitude variation properties of the
oscillator, but also agrees with the function which describes the velocity variation.
Comparing the relations (396) and (397) with (386) and (395) it is concluded that
the former are more appropriate for practical use due to their simplicity.

7.5 Conclusion

Due to previous consideration it can be concluded:

1. The vibration of the oscillator with monotone time variable parameter has
time variable amplitude and phase. The free vibrations for all of the oscillators with
a strong nonlinearity of any order and with the certain monotone slow time variable
parameters are qualitatively the same independently on the order of the nonlinearity.
The order of nonlinearity quantitatively changes the amplitude and the phase of
vibrations but has no influence on the character of vibrations. Namely, for certain
parameter variation the higher the order of nonlinearity, the faster or slower is the
amplitude and phase increase or decrease. The tendency of increase or decrease of
amplitude and phase i.e., frequency of vibration variation is not directed by the order
of nonlinearity but with the type of time parameter variation.

2. It is evident that in the oscillator with variable mass for the special relation
between the coefficient of damping and parameter of mass variation (which affects
the reactive force) the amplitude of vibration is constant, but the phase angle varies
independently on the order of nonlinearity.
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3. The approximate solution of the nonlinear differential equation with strong
nonlinearity of any order (integer or non-integer) and time variable parameter can be
obtained analytically.

4. The approximate analytic method for solving the differential equation based
on the exact solution of the corresponding differential equation with constant parame-
ters and strong nonlinearity of any order (integer or non-integer) gives very accurate
results in comparison to the numerical one.

5. The solving method based on the approximate solution with exact period
of vibration of the corresponding oscillator with constant parameter gives very conve-
nient results for the oscillator with time variable parameters. For technical purpose
the solution is accurate enough and appropriate for practical use. This solution has
the form of trigonometric function and satisfies the requirements for simplicity and
usefulness for application in techniques.

The vibrations of the mass variable systems are widely investigated by Leach,
1983; Abdalla, 1986,; Abdalla, 19865; Crespo et al., 1990, Xie et al., 1995; Sanchez-
Otiz and Salas Brits, 1995; Flores et al., 2003., too. The results published in this
Chapter and in the mentioned papers are applied in dynamics of mechanisms and
rotors with time variable mass (see Cveticanin, 19985).

7.6 Van der Pol oscillator with time variable mass

One of the most often analyzed oscillator is of the Van der Pol type. This mechanical
oscillator has the corresponding electric analogy where the parameters of the electrical
circuit are time variable. It requires the analyses of the Van der Pol oscillators as the
mass variable system. Mathematical model of the Van der Pol oscillator with time
variable mas is
mi + ko 2|t = (b — ca?)i — 1, (404)
with
z(0) = zo, z(0) =0, (405)
where eb and ec are constants. If the mass variation is the function of the slow time
T = et, where ¢ << 1 is the small parameter, the right hand side terms of the Eq.

(404) are small. Using the previously mentioned procedure, the differential equation
is rewritten into two first order averaged differential equations

3 2.2 7,2
AJ1-R) 4Ry = ST 120, (1 2k2) Oy - RG]
1
m Q eb
—A(— + Q—i = =) [(1= ) = (1 - 2*) C2 — 12 C4](406)
0 = 0, (407)

here 4(2k% — 1)Cy + 3(1 — k2)C:
B ~ D0 +301-K)C, 5 5,
Co = = ~ 1 T gkt (408)

Integrating the Eq. (407) it is obvious that the phase angle is constant, i.e. § =const.
Using the relation (373) and its time derivative

o 1m a—1A4
e M e 4

the differential equation (406) transforms into

Aay + A(%m — 5b)% + ECA?’% =0, (410)
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where
—1
a = (L=F)+KCi+as, (411)
az = (1—Fk°) —(1—-2k?*) Cy — k*Cy, (412)
az = (1 - k2) Csy — (1 - 2/{12) Cy— kQCﬁ. (413)
The differential equation (410) is of the Bernoulli type (see Kamke, 1971). Introducing

the new variable

p=A"?, (414)
the nonlinear differential equation (410) is transformed into the linear one
m —2eba 2asec
P - Zp="" (415)
m ay aim

In general, the solution of (415) with (414) is

t
1 _ 2asec dt
L =P= exp(—F) | C + @ /exp(F)m ) (416)
0
where .
po 2 [l g (417)
al m mo
0

and C' is the arbitrary constant dependent on the initial conditions.
For the linear mass variation

m(r) = mo(l +7), (418)
with m = emgy = const., and
(2b—mg)a
F=1In(-2) mom (419)

mo

the solution of Eq. (416) is in general (see Polyanin and Zaitsev, 2003)

1 moy 2azc (M g
= (2 (o 2 (1)), (120)
where o
= P=mo)az (421)
moay

and mg is the initial mass. Finally, using the initial conditions (405), we have

q q
m m 2casg
0 _ md

TR momg —mg). (422)

7.6.1 Discussion of the result and a numerical example
1. Substituting the mass variation (418), the Eq. (422) is rewritten in the form

(1+ et)ix3moparq
moa1q + 2cazzd((1+¢et)e — 1)

A% = (423)
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The amplitude of vibration depends on ¢ (421), which gives the relation between the
negative damping coefficient b and the initial mass mg. Namely, this relation takes
into the consideration the effect of reactive force on the vibrations of the Van der Pol
oscillator. The following three cases are evident:

a) For 2b = mg, when ¢ = 0, the amplitude of vibration tends to the initial
amplitude z( independently on the order of nonlinearity of the oscillator.

b) According to (421) and (423), the amplitude-time curve is for 2b > mg given
as

(2b—mg)ay
. (14et)” moar ~ 22(2b — mg)az

. 424)
(2b—mg)ag (
(2b — mgp)as + 2ca3x%((1 + et) 2b”"0°‘1 -1)

The amplitude of vibration is time variable and tends to a steady-state value

moaiq (2b — mg)as
o ' 2cas 2cas ’ (425)

which does not depend on the initial displacement z.
¢) For the case when 2b < my, i.e., ¢ < 0, the amplitude-time relation is according
to (421) and (423)

_(mg—2b)ay
(14et)” momr xg(mo — 2b)ag

(mg—2b)ag *

mo — 2b)as + 2cazx(1 — (1 +t)” mom
0

A:

The amplitude of vibration is time variable and tends to zero
Ag =0. (426)

Namely, independently on the initial conditions, properties of the Van der Pol os-
cillator and mass variation, after some time the vibration disappear.

Remarks

1. For the case of the linear mass variation the reactive force acts as the positive
damping force.

2. For the case when the reactive force is zero, the Eq. (422) is

ma  md 2cas
A mmg T )
where o
w= (428)
0a1

The amplitude varies in time according to the relation

2bag
2b(1 + et) ™01 z3ay
2bag ’
moay; — |

)

Ag =222 (430)
cas

which is independent on the value of the initial mass and mass variation. For all
values of the initial displacements and mass variation, only one steady state motion

A= (429)

2bas + 2cazx((1 + et)

and tends to the steady state one
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exists. The steady state amplitude depends on the properties of the oscillator and is
independent on mass variation properties.
3. For the oscillator with reactive force and with linear negative damping, i.e.,
Eq. (404) for ¢ =0,
mi + ko |2|*" = ebi — i, (431)

the amplitude-time relation is according to (423)

A= xo(ﬂ)%ﬁ%z
mo
For the linear mass variation (418), when (m/mg)> 1, the amplitude of vibration
increases if (2b—mg) > 0 and decreases for (2b —mg) < 0. For (20 —mg) = 0, in spite
of mass variation, the amplitude has the constant value equal to the initial amplitude.
If in the oscillator with time variable mass the reactive force is zero, due to the
fact that the relative velocity of the mass which is added of separated is zero, but the
negative linear damping acts, the amplitude of vibration increases for all values of the
initial mass and mass variation parameters and yields,
A AR 432
= wo(%) oer. (432)
4. If in the mass variable oscillator the reactive force and only the nonlinear
(positive) damping acts (b =0 and ¢ # 0), we have the mathematical model

2

mi + kox |2)* " = —(eca® — ). (433)

According to (423), the amplitude-time relation is

A= \/ : 15mo02 (434)

moas + 2cazxd) (1 + Et)%% - 20(1330%'

Analyzing the relation (434), it is evident that the amplitude of vibration decreases
in time and tends to zero.

For the case of mass variable oscillator without reactive force, but with negative
damping, the amplitude-time relation is according to (416)

2
A= \/ Lo o (435)

armo + 2cazx In |1 + t|’

and the vibration decreases.
5. The obtained values can be compared with those obtained for the Van der Pol
oscillator with constant mass

mi + x |2*® = (b — ca?)i. (436)
Thus, the relation (415) gives the amplitude-time variation

2

42— basxg

- 2 2 2eb az 1)’
cazz + (bag — cazwg) exp(—=7 £2t)

Ag = J2%2 (438)
cas

78
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which is independent on the initial displacement. For parameter values b = 1 and
¢ = 1, the steady state amplitude (438) for the linear oscillator (o« = 1) is Ag =
2v/3, as it is previously published by Nayfeh and Mook, 1979, while for the pure
cubic nonlinear one (o = 3) is Ag = 1.7076. The value, given by Mickens, 2010, is
Ag = 2. Comparing the solution of (436) obtained numerically, applying the Runge
Kutta procedure, with the approximate amplitude (438) it can be concluded that the
suggested solution in the form of the Jacobi elliptic function gives the more accurate
result.
Example. To illustrate the obtained results, let us consider an example where
the mass variation is linear
m = mg(1 + 0.01¢), (439)

and the coefficients of the Van der Pol oscillator are eb = 0.01 and ec = 0.01. Substi-
tuting the suggested values into (404) it follows

mo(1 4 0.01t)% + = |2|*/® = —0.01moi + 0.01(1 — 22)i. (440)

The Eq. (440) is solved numerically by applying of the Runge-Kutta solving pro-
cedure and the solutions are compared with the approximate analytical results for
the amplitude-time relation (422). In Figs. 26 - 29 the numerically calculated z — ¢
and analytically obtained A — t curves are plotted for various values of the initial
displacement xg and initial mass my.

In Fig.26 the amplitude-time A — t curves obtained by solving of the analytical
relation (423) for the values of the initial mass my = 0.5, 1 and 1.5, respectively, and
various values of the initial amplitude x( are plotted. As my < 2 the steady-state
amplitude of vibration satisfies the relation (425) and have the values Ag = 1.691,
Ag = 1.381 and Ag = 0.976, respectively. Besides, for zy < Ag, the amplitude of
vibration increases to the limit value Ag, and for 2y > Ag it decreases to the limit
value. For o = Ag the motion is with constant amplitude.

0 30
m,=0.5 ‘ m=1.0
- X=2.5 25 X=2.5
20 20
4 s x=1.691 4 15 x=1.381
1.0 1.0
05 ,//ﬂsl/ 05 x“:O.S
0.0 ~ - - 0.0 = - -
a) 0 50 ¢ 100 150 200 b) 0 50 ¢ 100 150 200
3.0
m=1.5
25 x=2.5
:“\
4 1
1 x,=0.976
0
0
x,=0.5
0.0
C) 0 50 ¢ 100 150 200

Fig.26. The amplitude-time curves for various initial displacement and various
initial masses: a) mo = 0.5; b) mg = 1 and ¢) mp = 1.5.
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In Fig.27. the x — ¢ curve obtained numerically by solving (440) and amplitude-
time A — ¢ curves (425) for mp = 1 and the initial displacements: a) zo = 2.5; b)
xg = 1.381; ¢) zg = 0.5 are plotted. It is evident that the analytically obtained results
are on the top of the numerical ones. The difference is negligible.

ST A
i 1.0
L 05
8 o it x(#) ooy it
-1 mu:l~0’ xu:2-5 05 m0:1.0, X0:1.381
il -
a) o 50 , 100 150 200 b) 0 50 ) 100 150 200
06l 4
0.4
02
x(?) 00

IAAARARARRIAL
m=1.0, x,=0.5

-02

-0.4

-0.6
19) 0 50 100 150 200

Fig.27. The x —t and A — ¢ curves for my = 1 and initial displacements: a)
xo = 2.5; b) xp = 1.381; ¢) zp = 0.5.

In Fig.28, the A —t curves for mg = 3 and initial displacements xg = 0.5, 1.5 and
2.5 are plotted. For this case, where mg > 2, the amplitude of vibration decreases to
zero, independently on the initial amplitude.

3.0

m=3.0
25 x,=2.5
2.0 Y
4 s
1.0 =15
05
x,=0.5

0.0
0 50 P 100 150 200

Fig.28. The A —t curves for mg = 3 and initial displacements zy = 0.5, 1.5 and

2.5.

In Fig.29, beside the A — t curves also the x — t curves for mg = 3 and initial
displacements: a) g = 0.5 and b)zy = 2.5 are plotted.The A — t curves are the
envelopes of the  —t curves. The difference between the numeric and analytic results
is negligible.
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Fig.29. The © — ¢t and A — ¢t curves for my = 3 and initial displacements: a)
xg = 2.5 and b) xg = 0.5.

7.7 Vibration of the Laval rotor: an one-mass system with
two-degrees-of-freedom

The most often considered rotor is of Laval type. It represents a symmetrically su-
pported shaft-disc system (see Fig.16), where the shaft is elastic and with mass which
can be neglected in comparison to the mass of the disc m. The position of the disc
center S is given with the polar coordinates p and ¢, which describe the position of
the rotor center S to the fixed point O and the angle position of OS to the fixed axis
x. The vibration of the disc occurs due to the elastic force in the shaft

F, = F.(p) = F.(p)ro, (441)

where r( is the unit vector in the radial direction. If the mass of the disc is slowly
varying in time, m = m(7), where the slow time 7 = et, the mathematical model of
vibration of the rotor is according to (149)
dvg dm
mﬁ +Fe(p) :FT+€E(U7VS). (442)
It is assumed that the motion of the rotor center S is in the Ozy plane and the
corresponding differential equations of motion are due to (442)

dz dm .

mg +F., = F.,+ EE(UI — ), (443)
dy dm .

ma +Fey = Fry +£E(uy —y). (444)

Substituting the projections of the elastic force (441) on the = and y axis into (443)
and (444), we have

dz dm .

m + F.(p)cosy = Frp+ e (ug — &), (445)
dy . dm .

m—r + Fe(p)sing = Fry+e—(uy —9). (446)

The connection between the Cartesian coordinates x, y and the polar coordinates is
(see Fig.16)
T = pcose, y = psiny, (447)

p=+z2+y3 @ =tan™! (%) . (448)

ie.,
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Substituting (448) into (445), (446) we have

m% v aF! (Va2 +y?) = Fr+ sZ—T(ux — &), (449)
dy dm .
M +yF (VP +P) = Fry e (u, - ), (450)

where F'(p) = F(p)/p. Introducing the complex deflection function z = z + iy and
the complex conjugate function z = z — iy the differential equation of vibration of

the rotor is d
mi + zF.(vV22) = F. + 6d_T(uZ —2), (451)

where F, = F,, +iF,y, u, = u, + iuy, and i = y/—1 is the imaginary unit.

7.7.1 Rotor with small nonlinearities

For the case when the elastic force is linear and the additional forces in the system
are small in comparison to the linear ones, the differential equation (451) transforms
into

mz+kiz=¢eF,(z,2,cc,7) + acfl—m(uz — ), (452)
T
i.e. d
L e N . edm, .
Z+wi(r)z=cf(z,2,cc,7m) + s (uy — %), (453)

where k1 is a positive coefficient, cc are the complex conjugate functions and

w0 = [ [ (454)

For the case when ¢ = 0, Eq. (453) transforms into a linear one with the constant

parameter wg = ,/ff—;o,i.e.,
F+wiz=0. (455)

Comparing the Eq. (453) with the Eq. (455) it can be concluded that the Eq. (453)
is the perturbed version of the Eq. (455). It gives us the possibility to assume the
approximate solution of the Eq. (453) to be based on the solution of the Eq. (455),
usually called the 'generating equation’.

The solution of the generating equation (455) and its first time derivative are

z = Aqetwott0n) 4 A, iwott02) (456)

i(wot+01) _ 2'4(420()06—1'(L«.)()t-‘y-ez)7 (457)

where A, As, 07 and 62 are unknown constants which have to satisfy the initial
conditions of motion. For the initial distance p(0) and initial angle ¢(0), and also
initial radial and circular velocities, p(0) and p(0)¢(0) the initial conditions for the
vibration of the rotor are

z= iAlee

2(0) = 20 = x(0) 4 iy(0) = p(0)e* ), (458)
20) = % =2(0) +iy(0) = eV (p(0) +ip(0)$(0)). (459)

The four unknown constants A;, As, 01 and 0 have to satisfy the four algebraic
equations (458) and (459).
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The solution of (453) and its time derivative are assumed in the form of (456) and
(457), but with time variable amplitude and phase

z = A () 4 Ay(t)e V=) (460)
io= iA (Hwer ) — Ay (t)we 2B (461)
where
Pi(t) = /w(T)dt +61(2), Pa(t) = /w(T)dt + 62(). (462)
t t
Let us obtain the time derivative of (460)
b=V (A +iAi(w+01)) + e V2 (Ay —idg(w + 62)). (463)
The equality of (461) and (463) requires the following relation
V(A 4+ i4160,) + e V2 (Ay — iAy0,) = 0. (464)
Substituting (460) and the time derivative of (461)
Z = 1Awe™ — Aj(w+ 01)we' +62A1§6 1
—iAqwe W2 — Asw(w + 92)671@2 - z'sAgj—c:e*“”?, (465)

into (453), it follows
(iAl — Alél)eiwl — ('LAQ + A292)e—i1/12

d , . i d , ,
_ &f b=, —iAwe™t +iAgwe ) — L (A 61— Ay~ i2466)
w  mw dr w dr
where
ef = ef(Aie™ + Age 2 jAjwe™r — iAywe W2, Ajem (467)

+Aze™2, —jAjwe™ ™1 4§ Aqwe™2 7).

The differential equations (464) and (466) represent the rewritten version of the diffe-
rential equation of motion (453) into the new variables A;, A3, 61 and 6. After some
transformation and assuming that the absolute velocity of the adding or separating
is zero, we have

i = Ef i, ELAM g ity it

ZA1 A191 = 2w€ . dr (A1€ A2€ )6 y (468)

iAg 4 Agfy = _&f eV + ﬂd—m(A €V — Age2)eiV2 (469)
2 22T Ty dm dr 2 '

Splitting (468) and (469) into real and imaginary parts the following four equations
are obtained

A= (e - S A - Aeos(oy +v), (470)
Ml =~ Re(fe ) - 20 Gy, ) ()
A =~ Im(fe) 4 SR (Mvos(uy +9) A, (47)
Ay =~ Re(fe) = LI Gy, 4y (473)

83



dc_476_12

where Re and Im are the real and imaginary parts of the functions fe*¥: and

fet™2.To solve the system of differential equations (470)-(473) is not an easy task.

It is at this point the averaging procedure over the period of vibration, (---) =
2 27

(1/472%) / / - «dipydip,, is introduced. The averaged differential equations are

0 0
. d
A = 2—<Im(fe i) —ﬁd—mA (474)
A0, = —%<Re(fe_w1)>, (475)
Ay = —i<1m(few2)>—ﬁcfi—7: (476)
Aoy = —i<Re(fe“/’2)>. (477)

From Eqs. (474)-(477) the approximate amplitude-time and phase-time functions are
obtained.

Analyzing the relations (475) and (477) it is evident that due to averaging the
explicit influence of the reactive force on the phase angle variation is eliminated.
However, the reactive force causes the amplitude variation, and the amplitude vari-
ation gives the phase variation, implicit. If the vibration of the rotor is only due to
mass variation and the elastic force in the shaft, the Eqs. (474)-(477) simplify into

e dm

A, = _REA“ A0, =0, (478)
. e dm .
Ay = — oo A, A =0. (479)

The phase angles are constant and equal to the initial phase angles, i.e., #; = 61(0) =
const, and s = 65(0) = const. The amplitude-time variations are separated for the
forward and backward motion

A= A0 2 As = As( 0

m(r) (480)

where A;(0) and A2(0) are initial amplitudes and m(0) is the initial mass. If the
mass increases the amplitudes decrease: the faster the mass increase, the slower the
amplitude decrease.

For 61(0) = 05(0) and A;(0) = A2(0) the approximate solution (460) is

2= 24,(0)¢ % cos((61(0) + / w(r)dt). (481)

The oscillation is along the z axis. If the mass variation if quadratic, m(7) = (14 7)?
the oscillatory motion is according to (481)

1/ ™(0)
m(7)

The period of vibration depends on mass variation: the period decreases with incre-
asing of the mass.

Vi

Tr = 2A1 (0) cos((91(0) + T In |1 + ’7'|) (482)
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7.7.2 Single frequency solution

Let us assume the initial position of the rotor center S in the polar coordinates as

p(0) = A1, ¢(0) =01 (483)
The initial radial velocity v,.(0) and circular velocity v.(0) are
vr(0) =p(0) =0, vc(0) = p(0)(0), (484)

where the angular velocity ¢(0) is equal to the eigenfrequency of the oscillator (455),
i.e., p(0) = wg = \/k1/mg. For these initial conditions

2(0) = p(0)e?® = A1 2(0) = ip(0)@(0)eY) = iwgz(0), (485)
the solution (460) of the Eq (453) simplifies into a single frequency one, i.e.,

z = AyetWittoy), (486)

Using (486) the Eq.(453) transforms into the system of two first order differential
equations

b, = (gt = dm
A1 % Im(fe ) dm dr Al, (487)

) & —ith,
A191 % Re(fe ), (488)

where ef = ef(A1e™1,iAjwe™r, Aje™ ™1 —iAjwe™ ™1 7). Averaging the differential
equations (487) and (488) over the period of vibration, we have

27
: e dm € )
= —_—— N —ithy
Ay o [ (e, (439)
0
27
A, = —%/Re(fe—wl)dwl. (490)
0

From the Egs. (489) and (490) the amplitude-time and phase-time functions are
obtained.
7.7.3 Rotor with strong nonlinear elastic force

Let us consider the rotor with strong nonlinear elastic force and small additional forces
eF,. The mathematical model (451) transforms into

m(7T)s 4+ 2F!(V2Z) = eF, + sC;—T(uZ —2), (491)
z+zw2(7,\/ﬁ):sf+%‘fi—7:(ufz) (492)

where
w(r,Vzz) =w= M, (493)

m(T)
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and 7
==, 494
f= i (494)
For the case when € = 0, the generating differential equation is obtained
moz + 2F.(V/22) = 0, (495)

where m(0) = mg = const. For the initial conditions (485) we assume the generating
solution (486) with one frequency

wzwm:¢ﬂmuz¢n@@x (456)

mo mo

The frequency wg depends on the amplitude of vibration. Based on (486), the solution
of (492) and its first time derivative are assumed as

z= Aetn, (497)
and 4
2 = Ayiwe™1, (498)
where
Wy = /w(T,Al)dt+ 0:(t), (499)

and A; = A1(t), ¥, = 9,(t) and 01 = 61(¢). The first time derivative of (497)
i = (Ayiw + Ay +iA6)e,
is equal to (498) for o )
e1(A; +iA10,) = 0. (500)

Substituting (497) and (498), and also the time derivative of (498), the following first
order differential equations is obtained
. . . L d
Ajiwe™ + Ajiwe™r — Ajwhie = ef + i—m(uz —2). (501)
m dr
After some modification of (500) and (501) we yield the rewritten version of the
differential equation (492) into two first order differential equations

. . e dm . .
241w = Tm(efe 1) — EE(UZ siny; + Ajw) — Ayw, (502)
; i e dm
_2WA101 — Re(ﬁf@ wl) + Eﬁuz COS 'L/Jl. (503)

If the absolute velocity of adding or separating of the mass is zero, we obtain

. 1 ; m™m w
- —apyy _ % _
Ay 5 Im(efe ) 2mA1 50 A, (504)
, 1 .
- —iy
01 A, Re(efe™"%1). (505)

where f = f(1, A1e'¥1, Aje™ ™1, Ajiwe™1 | — Ajiwe™1). After averaging of (504) and
(505) over the period of vibration of the rotor 27, the averaged differential equations
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of vibration are

27
. 11 . m w
- —i)y o _
Ay 7 27T/Im(sfe )da)y 2mA1 2wA1’ (506)
0
27
o - - 1 Re(efe™1)di (507)
LT g, o ) e L
0

If the additional small forces are zero, and for the initial amplitude A;(0) and initial
phase angle 61(0), the amplitude-time and phase-time relations are

01 = 01(0) = const. (508)
ALFIA) = s AHOmO)F(A0)), (509)

Example. Let us consider the oscillations of the nonlinear rotor with linear mass
variation m = 1 + 0.01¢.The model of the oscillation is

m(7)Z + 2(22) = —mz (510)
where according to the initial polar coordinates of the rotor center S: p(0) = 1 and

6(0) = 7/4, and velocities p(0) = 0 and ¢(0) = w(0) = (mg)~ /2, the initial conditions
(485) in complex form are

2(0) = 16%:§(1+Z’), (511)
20) = iw(O)z(O):g(AH). (512)

Substituting the aforementioned values, the amplitude-time function is due to (509)

1 1
Ay = ) — 1
! \/1+T \/1+0.01t (513)

The projections of the differential equation (510) on the axis = and y, the two
coupled differential equations follow as

(1+0.010)i + 2(2* +y*) = —0.014, (514)
(1+0.01)§ +y(=* +y*) = -0.01y, (515)

with initial conditions

2(0) = y(0) = 0.70711,

#(0) = —0.70711,  §(0) = 0.70711. (516)
The differential equations (514) and (515) are solved numerically by Runge Kutta
procedure for the initial conditions (516). It is evident that the approximate analytical

relation for amplitude variation A; = {/1/(1 + 0.01¢) is the envelope of the x — ¢ and
y — t diagrams (Fig.30).
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Fig.30. The A —t diagram (513) as the envelope curve (thick line) of the numeric
solution of (514) and (515): a) z — t (thin line) and b) y — ¢ (thin line).
Remark: The procedure shown in this section can be applied to the equation

m(7)% + 2F.(\/2Z) — 2iQ,g% = €F, + EC;—T(UZ —2),

where the term (—2i€2,2g) defines the gyroscopic effect, €, is the constant angular
velocity of the rotor and g is the gyroscopic constant. The solution has the form (497)
with amplitude (506) and phase (507), where

mQ? — 20,99 — k1 F.(A;) = 0.

7.8 Vibration of the two mass variable bodies system with a
nonlinear connection and reactive forces

In Fig.31, a system of two mass variable bodies connected with a nonlinear connection
is shown. The mass of the bodies m is continually varying in time.

ko

S 777

Fig.31. Model of a two-body connected system

It is assumed that The mass variation is slow and is the function of the ’slow time’
T = ¢t , where ¢ << 1 is a small parameter and ¢ is time. The system has two degrees
of freedom. The generalized coordinates of the system are x and y, respectively. The
mathematical model of the motion is a system of two coupled second order differential
equations

m(r)i +kalz —y) [z -y = —e—i, (517)
()i +kaly — o)y —2l" = S, (519)

with initial conditions
2(0) =wo,  y(0) =y,  #0)=0,  §(0)=0, (519)
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where k, is the rigidity constant and the last term in the equations (517) and (518)
are the reactive forces which act on the body. The reactive forces are caused by
variation of the body mass in time.

Let us introduce the new variables

g=z+y, p=y-—u=x (520)

The rewritten differential equations (517) and (518) are

e dm
i o= —=an, 521
q — (521)
. 2 a—1 £ dm .
- _cam 522
p+w(7)ppl — P (522)
and the initial conditions (519)

p(o) = Po = To — Yo, p(O) :07

q(0) = qo=z0+ Yo, 4(0) =0, (523)

where w?(7) = 2k,/m(7) and m = m(7). The two differential equations (521) and

(522) are uncoupled and can be solved separately for the initial conditions (523).

The differential equation (522) is already solved and discussed in the Sec.7.1.3. The

suggested approximate solution for (522) can be assumed in the form of the Ateb

function (310), trigonometric function (329) or Jacobi elliptic function (370). In the

previous consideration it is concluded that the appropriate solutions are the first two.
Let us introduce the notation of the solution in general as

p = A(t)eg(p(t)), (524)

where cg(p(t)) is a solution function whatever: Ateb, trigonometric, Jacobi elliptic,
and p(t) includes all of the time variable parameters, while A(t) is the time variable
amplitude of vibration. The Eq. (521) is rewritten as

4 mi) = 0, (525)
and gives for the the initial conditions (523) the first time integral
mg = 0. (526)
Integrating (526) and using the initial conditions (523), we have
q = qo- (527)

Finally, using (520) and the solutions (524) and (527), the « — ¢ and y — ¢ functions
are obtained

= e s A en(p). (529)
r = q;p _— ;ry() - A;t) cgen(p(t)). (529)

Example. Let us consider a numerical example where the mass variation of the bodies
is m = 14 0.01¢ and the connection between the bodies is with cubic nonlinearity.
The differential equations of motion are
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(1+0.011)i + (x —y)* = —0.01, (530)
(1+0.01t)j + (y —x)> = —0.01y, (531)

with initial conditions
z(0)=1,  #(0)=0, y(0)=3,  y(0)=0. (532)

According to the suggested solving procedure, the solution of the auxiliary differential
equation 522

(1+0.018)p + p* = —0.01p, (533)

is assumed in the form of the Ateb function and gives the amplitude vibration (328)
Rt

Ap = po (m) ) (534)

where according to (523), pg = —2. Thereby, due to (534) and the relations (528) and
(529), the amplitude-time relation of the vibration is

1 6
A== (1 + 0.0lt) ' (535)

The vibrations of the masses occur around the steady state position (zg+ yo)/2 = 2.
Finally, the envelope curve for the vibrations £ — ¢t and y — ¢ is

. LG
A<1+0.01t) ' (536)

In Fig.32, the numerical solution of the system of differential equations (530) and
(531) is plotted. Besides, the analytically obtained A —t curve (536) is shown. It
can be seen that the difference between the numerical solution and the analytically
obtained one is negligible.

3.0
2.5
g
3 2.0
=
2
1.5
10! )
0 10 20 30 10 50 60

Fig.32. The zy —t and yny — t curves obtained numerically and the analytically
obtained A — ¢ curve for the two-mass systems with two degrees of freedom.
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7.8.1 Conclusion

Based on the relations (528) and (529) and the results obtained in example, it is
obvious:

1. The solution procedure developed for a single oscillator, is suitable after some
exte-nsion and adoption, for solving of the motion of a system of two connected bodies
with variable mass.

2. The motion of the both bodies represents the oscillations around the averaged
value of the two initial displacements but in opposite directions. The oscillations of
both bodies is equal but with phase distortion of 180 degrees. The properties of the
oscillatory motion and the influence of the reactive force are previously discussed in
Sec.7.4.
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8 Conclusion, contribution in the dissertation and
remarks for future investigation

In this dissertation the dynamics of the system of bodies with variable mass is con-
sidered. The dynamics of the system of particles with variable mass is generalized to
the dynamics of the system of bodies with variable mass. Namely, not only the mass
variation of the body but also the variation of the moment of inertia is included into
investigation. It gives some additional terms in the mathematical model and available
the more realistic description of the phenomena which occur during mass and moment
of inertia variation.

In this dissertation various mechanisms and machines, in which the mass and the
moment of inertia are varying, are shown. The practical use of the phenomena of
mass and moment of inertia variation in time are applied to realize some working
action and processes in industry and techniques.

In general the linear momentum and the angular momentum of the system of
bodies with mass variation is expressed. The following assumption was introduced:
for the mass separation, the separated body and the final (remainder) body after
mass variation give an unique system, while for the case of mass addition, the added
mass and the initial mass before mass variation form a close system. This assumption
was the basic one for the investigations that follow. The difference between the linear
momentums of the system before and after the process of mass variation are equal to
the impulses caused by the external forces and torque. It is suggested to omit these
impulses as they are negligible in comparison to the impulses caused by forces and
torques during mass variation. It is concluded that the mass centre of the final body
after body separation and also of the initial body before body addition is practically
unmovable, but there is a jump like variation of the velocity of mass centre and of
the angular velocity of the bodies due to body separation or addition. The dynamics
of body addition or separation to the other body lasts for a very short time. It
is a discontinual occurrence during which a body with the new dynamic properties
is formed. Besides, during the body addition two bodies form only one. In this
dissertation the dynamics of addition of bodies are treated as the plastic impact,
where the impact impulses are inner values. In contrary, the dynamics of the body
separation is introduced to be the inverse plastic impact.

In this dissertation due to the generalization from the system of particles with
variable mass to the system of bodies with variable mass and moment of inertia, the
most general motion of the bodies is the free one. So, in general the free motion of
the bodies during separation or addition are treated. Namely, during body addition
it is assumed that the initial body and also the added body move freely and produce
the free motion of the final body. The same conclusion is evident for body separation:
if the initial body has the free motion, after the separation the separated and also
the final bodies have free motion. The properties of motion of the final body after
separation or addition are investigated. As the special case the in-plane motion of the
bodies is treated. In the dissertation for various types of motion of the body which is
separating or adding the motion of the final body is analyzed. A numerous cases are
shown.

The dissertation considers a very important problem of disjoining of the rotor.
Namely, the initial body is a disc which moves in-plane. It is well known that due
to fatigue in the material a separation of a part of the disc occurs. The separated
body moves with the velocity of the initial body and the motion is in the plane of
the disc. In this paper the motion of the final reminder body is determined. The
obtained results give us an opportunity to prescience the motion of the final body
as the function of dynamic properties of the initial disc and the separated part. The
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results are of interest for engineers and technicians.

In this dissertation the analytical procedure is developed for obtaining of the
output parameters (velocity and angular velocity) of the final body after separation
or addition. The procedure is based on the variation of the kinetic energy of the
system before and after body separation or addition. The methodology is applied for
the problem of separation of a pendulum rotating around a fixed axle normal to the
pendulum plane.

Using the relations for variation of the linear momentum and of the angular mo-
mentum of the system of bodies before and after body separation and addition and
introducing the limiting process, the mathematical model of motion of the contin-
ual mass and moment of inertia variation is obtained. The mathematical model is
a system of second order differential equations with time variable parameters. It is
worth to say that beside the reactive force (which was known for the particle with
variable mass) also the reactive torque appears. Namely, due to mass variation in
time, a reactive force occurs, and due to variation of the moment of inertia in time, a
reactive torque is present. This result is also a new one in comparison to those given
in the literature. In this paper the motion of the rotor on which the band is winding
up is considered. Mass and moment of inertia of the disc are varying continually in
time. The disc, with time variable mass and moment of inertia, as the main part of
the rotor has an in-plane motion. The influence of the reactive force on the motion is
discussed. The elastic properties of the shaft on the motion of the rotor with variable
mass are also considered.

As a special case of motion the vibration of the body with continual mass variation
is investigated. In this dissertation a new solving procedure for vibrations of the mass
variable oscillators is developed. The more stronger criteria for the approximate
solution to the differential equations with time variable parameters is introduced.
Namely, in this paper it is required that the approximate solution satisfy not only the
initial conditions but also to have the amplitude of vibration and the period which are
equal or very close to the exact ones. For the first time, as it is seen in literature, the
additional requirement is added: the extremal values of the first time derivative of the
approximate solution have to be equal or very close to the exact velocity of vibration.
The following periodic functions were applied for the asymptotic solution of vibration:
the Ateb function, the trigonometric function and the Jacobi elliptic function. It is
concluded that the most often used trigonometric function gives the most inaccurate
result. The solution based on the trigonometric function is satisfactory for qualitative
analysis of the problem, while it is not adequate for the quantitative analysis. The
asymptotic solution based on the Jacobi elliptic function is much more appropriate
than the trigonometric one, as the so calculated amplitude of vibration and velocity of
vibration retrace the numerically obtained vibration properties of the oscillator. The
main disadvantage of the solution is its complexity in calculation. The approximate
solution based on the Ateb function, which is the exact solution of the corresponding
differential equation with constant parameters, gives the best results. In spite of
its complexity connected with some calculation difficulties, the final relations for the
amplitude and frequency variation in time are quite simple and applicable in practical
use. They are suggested to be used by engineers and technicians. Namely, it is
concluded that the amplitude and period of vibration but also the velocity of vibration
variations, according to mass change, depend only on the mass variation and the order
of nonlinearity. The procedure developed in this dissertation is applied for solving the
problem of vibration of the one-degree-of-freedom oscillator with time variable mass.
The new results are obtained in the analysis of the influence of the reactive force on
the vibration of the nonlinear oscillator with variable mass. If the mass increases the
amplitude of vibration decreases. The velocity of amplitude decrease on the order
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of nonlinearity. If the relative velocity of mass variation is zero, the amplitude of
vibration increases with mass increase. The order of nonlinearity has a significant
influence on the velocity of amplitude variation.

In this dissertation the Van der Pol oscillator with time variable parameters is also
investigated. In the literature the Van der Pol oscillator with constant parameters is
considered. This type of oscillator has an analogy in the electrical circuits, where as
it is known, the parameters (like capacity) are time variable. It suggested that the
Van der Pol oscillator with time variable parameters has to be investigated, too. The
new results show that the motion of the oscillator deeply depends on the properties
of mass variation. A limit value for the initial mass has to be obtained applying the
procedure suggested in this paper: the higher the values of the initial mass than the
limit one, the amplitude of vibration of the Van der Pol oscillator with variable mass
tend to zero independently on the initial displacements, while, for the case when the
initial mass is smaller than the limit value, the limit cycle motion with the steady
state amplitude occurs, independently on the initial displacement.

In this dissertation a contribution to the dynamics of the rotors with variable mass
is given. The rotor is analyzed as an one-mass system with two-degrees-of-freedom.
In general, the common amplitude and frequency of vibration is determined. The
influence of the reactive force is investigated, too.

The results obtained for the mass variable one-degree-of-freedom oscillator are ex-
tended for analyzing the motion of the two-mass variable body system, with nonlinear
connection and two degrees of freedom. It is proved that the motion of the bodies is
the oscillatory one, around the position which depends on the initial displacements of
the bodies. The oscillations are equal for the both bodies but are opposite. The ana-
lytical procedure for obtaining of the oscillatory properties of the bodies is developed.
It was of special interest to determine the amplitude-time variation.

The future investigation may be directed to excited oscillatory system with time
variable mass. The correlation and interaction between the parameters of the excita-
tion and of the mass variation on the motion of the body have to be investigated.
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